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Solder interconnections, also known as solder joints, are the weakest link in 
electronics packaging. Reliability of these miniature joints is of utmost interest - 
especially in safety-critical applications in the automotive, medical, aerospace, power 
grid and oil and drilling sectors. Studies have shown that these joints' critical thermal 
and mechanical loading culminate in accelerated creep, fatigue, and a combination of 
these joints' induced failures. The ball grid array (BGA) components being an integral 
part of many electronic modules functioning in mission-critical systems. This study 
investigates the response of solder joints in BGA to crucial reliability influencing 
parameters derived from creep, visco-plastic and fatigue damage of the joints. These 
are the plastic strain, shear strain, plastic shear strain, creep energy density, strain 
energy density, deformation, equivalent (Von-Mises) stress etc. The parameters' 
obtained magnitudes are inputted into established life prediction models – Coffin-
Manson, Engelmaier, Solomon (Low cycle fatigue) and Syed (Accumulated creep 
energy density) – to determine several BGA assemblies' fatigue lives.  
 
The joints are subjected to thermal, mechanical and random vibration loadings. The 
finite element analysis (FEA) is employed in a commercial software package to 
model and simulate the responses of the solder joints of the representative assemblies' 
finite element models. As the magnitude and rate of degradation of solder joints in the 
BGA significantly depend on the composition of the solder alloys used to assembly 
the BGA on the printed circuit board, this research studies the response of various 
mainstream lead-free Sn-Ag-Cu (SAC) solders (SAC305, SAC387, SAC396 and 
SAC405) and benchmarked those with lead-based eutectic solder (Sn63Pb37). 
 
In the creep response study, the effects of thermal ageing and temperature cycling on 
these solder alloys' behaviours are explored. The results show superior creep 
properties for SAC405 and SAC396 lead-free solder alloys. The lead-free SAC405 
solder joint is the most effective solder under thermal cycling condition, and the 
SAC396 solder joint is the most effective solder under isothermal ageing operation. 
The finding shows that SAC405 and SAC396 solders accumulated the minimum 
magnitudes of stress, strain rate, deformation rate and strain energy density than any 
other solder considered in this study. The hysteresis loops show that lead-free 
 v 
SAC405 has the lowest dissipated energy per cycle. Thus the highest fatigue life, 
followed by eutectic lead-based Sn63Pb37 solder. The solder with the highest 
dissipated energy per cycle was lead-free SAC305, SAC387 and SAC396 solder 
alloys. 
 
In the thermal fatigue life prediction research, four different lead-free (SAC305, 
SAC387, SAC396 and SAC405) and one eutectic lead-based (Sn63Pb37) solder 
alloys are defined against their thermal fatigue lives (TFLs) to predict their mean-
time-to-failure for preventive maintenance advice. Five finite elements (FE) models 
of the assemblies of the BGAs with the different solder alloy compositions and 
properties are created with SolidWorks. The models are subjected to standard IEC 
60749-25 temperature cycling in ANSYS 19.0 mechanical package environment. 
SAC405 joints have the highest predicted TFL of circa 13.2 years, while SAC387 
joints have the least life of circa 1.4 years. The predicted lives are inversely 
proportional to the magnitude of the areas of stress-strain hysteresis loops of the 
solder joints. The prediction models are significantly consistent in predicted 
magnitudes across the solder joints irrespective of the damage parameters used. 
Several failure modes drive solder joints and damage mechanics from the research 
and understand an essential variation in the models' predicted values. This 
investigation presents a method of managing preventive maintenance time of BGA 
electronic components in mission-critical systems. It recommends developing a novel 
life prediction model based on a combination of the damage parameters for enhanced 
prediction. 
 
The FEA random vibration simulation test results showed that different solder alloys 
have a comparable performance during random vibration testing. The fatigue life 
result shows that SAC405 and SAC396 have the highest fatigue lives before being 
prone to failure. As a result of the FEA simulation outcomes with the application of 
Coffin-Manson's empirical formula, the author can predict the fatigue life of solder 
joint alloys to a higher degree of accuracy of average ~93% in an actual service 
environment such as the one experienced under-the-hood of an automobile and 
aerospace. Therefore, it is concluded that the combination of FEA simulation and 
empirical formulas employed in this study could be used in the computation and 
prediction of the fatigue life of solder joint alloys when subjected to random 
 vi 
vibration. Based on the thermal and mechanical responses of lead-free SAC405 and 
SAC396 solder alloys, they are recommended as a suitable replacement of lead-based 
eutectic Sn63Pb37 solder alloy for improved device thermo-mechanical operations 
when subjected to random vibration (non-deterministic vibration). 
 
The FEA simulation studies' outcomes are validated using experimental and 





























CTE Coefficient of Thermal Expansion 
BGA Ball Grid Array 
FEA Finite Element Analysis 
PCB Printed Circuit Board, sometimes known as a PWB (Printed Wiring Board) 
QFP Quad Flat Pack (Also known as gull win) 
SMT Surface Mount Technology 
µBGA Micro Ball Grid Array 
CSP Chip Scale Package 
PBGA Plastic Ball Grid Array 
CBGA Ceramic Ball Grid Array 
CCGA Ceramic Column Grid Array 
CLGA Ceramic Land Grid Array 
LBGA Laminate Ball Grid Array 
SBGA Super Ball Grid Array 
TBGA Tape Ball Grid Array 
IMC Intermetallic Compounds 
ATC Accelerated Thermal Cycling 
FEM Finite Element Method 
PCB Printed Circuit Board 
FC Flip Chip 
SAC Tin (Sn), Silver (Ag), Copper (Cu) 
RoHS Restriction of Hazardous Substances Directive 
ANSYS ANalysis SYStems 
UTS Ultimate Tensile Strength 
NPL National Physical Laboratory 
FCOB Flip Chip on Board 
MTTF Mean Time to Failure 
SEM Scanning Electron Microscopy 
CSP Chip Scale Package 
JEDEC Joint Electronic Devices Engineering Council 
HALT Highly Accelerated Life Testing 
DTB Dynamic Test Board 
 viii 
HASS Highly Accelerated Stress Screening 
ASTM American Society for Testing and Materials 
OSP Organic Solderability Preservative 
VQFN Very Thin Quad Flat Non-Leaded Package 
LCF Low Cycle Fatigue 
HCF High Cycle Fatigue 
RLPA Rapid Life-Prediction Approach 
WLCSP Wafer-Level Chip Scale Packages 
CDM Continuum Damage Mechanics 
SJR 
CAGR 
Solder Joint Reliability 
Compound Annual Growth Rate 





















Table of Contents 
Declaration ..................................................................................................................... i 
Acknowledgement ........................................................................................................ ii 
Dedication.................................................................................................................... iii 
Abstract ......................................................................................................................... iv 
Nomenclature .............................................................................................................. vii 
List of Figures ............................................................................................................. xv 
List of Tables ............................................................................................................. xxv 
CHAPTER 1 .................................................................................................................. 1 
INTRODUCTION ......................................................................................................... 1 
1.1 Background ........................................................................................................ 1 
1.2 Problem Statement and Challenges ................................................................. 4 
1.3 Motivation for this study ................................................................................... 6 
1.4 Aim and Objectives of the study ....................................................................... 8 
1.5 Scope of the Research ........................................................................................ 8 
1.6 Research Plan and Programme of Work ......................................................... 9 
1.7 Overview of the Thesis....................................................................................... 9 
1.8 Contribution to Body of Knowledge .............................................................. 11 
1.9 Publications, Awards and Honours from the Study ..................................... 12 
CHAPTER 2 ................................................................................................................ 16 
LITERATURE REVIEW 1: SOLDERING ............................................................... 16 
2.1 Introduction ...................................................................................................... 16 
2.2 Soldering – A Joining Process ......................................................................... 16 
2.2.1 Advantages and disadvantages of lead-based and lead-free solders ........... 17 
2.3 Solder Alloy Properties.................................................................................... 19 
2.3.1 Lead-free solder alloy composition and properties ..................................... 19 
2.3.2 Mechanical Properties of a Lead-free Solder alloys ................................... 23 
2.3.2.1 Tensile Properties (Stress-Strain Behaviour) ....................................... 27 
2.4 Constitutive Properties of Solder ................................................................... 28 
2.4.1 Elastic Behaviour of Solders ....................................................................... 28 
2.4.2 Plastic Behaviour of Solders ....................................................................... 31 
2.5 Intermetallic compounds (IMC) ..................................................................... 33 
2.5.1 Development of IMC Layers ...................................................................... 34 
 x 
2.5.2 Mechanical Properties of IMC Layers ........................................................ 36 
2.6 Summary ........................................................................................................... 38 
CHAPTER 3 ................................................................................................................ 39 
LITERATURE REVIEW 2: THERMOMECHANICAL STUDY ............................ 39 
3.1 Introduction ...................................................................................................... 39 
3.2 Creep Phenomenon and Mechanism .............................................................. 40 
3.2.1 Solder Alloy Creep Model .......................................................................... 41 
3.2.2 Study Of Creep Deformation ...................................................................... 44 
3.2.3 Time Independent Plasticity ....................................................................... 48 
3.2.4 Viscoplasticity and Viscoelasticity ............................................................. 50 
3.2.4.1 Mathematical Modelling ...................................................................... 51 
3.2.5 Effect of Strain Rate and Temperature ....................................................... 53 
3.3 Solder Joint Fatigue Failure ........................................................................... 54 
3.3.1 Solder Joint Failure ..................................................................................... 54 
3.3.1.1 Thermal Fatigue Failure Solder Joint Alloys ....................................... 55 
3.3.1.2 Thermo-Mechanical Fatigue Failure of Solder Joints ......................... 58 
3.3.2 Fatigue life prediction of solder joints ........................................................ 63 
3.3.3 Isothermal fatigue of solder joints .............................................................. 66 
3.3.4 Combined Creep and Fatigue...................................................................... 72 
3.3.5 Experimental Methodologies for Solder Joint Fatigue ............................... 73 
3.4 Vibration of Solder Joint Alloys ..................................................................... 75 
3.4.1 Vibration Fatigue Life Prediction ............................................................... 80 
3.5 Summary ........................................................................................................... 83 
CHAPTER 4 ................................................................................................................ 84 
MATERIALS AND METHODOLOGY ..................................................................... 84 
4.1 Introduction ...................................................................................................... 84 
4.2 Materials used in the FEA Simulation Studies.............................................. 84 
4.2.1 Lead-based Eutectic Sn63Pb37................................................................... 85 
4.2.2 Sn96.5Ag3.0Cu0.5  (SAC305) ................................................................... 85 
4.2.3 Sn96.5Ag3.8Cu0.7  (SAC387) ................................................................... 85 
4.2.4 Sn96.5Ag3.9Cu0.6  (SAC396) ................................................................... 86 
4.2.5 Sn95.5Ag4.0Cu0.5  (SAC405) ................................................................... 86 
4.2.6 Copper (Cu) Pads ........................................................................................ 86 
4.2.7 Epoxy-Resin ................................................................................................ 87 
4.2.8 Silicon (Si) Die ........................................................................................... 87 
4.3 Test Vehicles Description used for the FEA Simulation .............................. 88 
4.3.1 Printed Circuit Board (PCB) ....................................................................... 88 
4.3.2 Ball Grid Array (BGA) Solder Joints ......................................................... 90 
 xi 
4.4 Methodology and FEA Simulation Procedures ............................................. 94 
4.4.1 Methodology ............................................................................................... 94 
4.5 Failure Analysis using Finite Element Modelling (FEM) ............................ 95 
4.5.1 FEA Simulation Process ............................................................................. 97 
4.6 Methodology used for Creep Behaviours of Solder Joints ........................... 97 
4.6.1 Convergence and Mesh Independence Study ............................................. 97 
4.6.2 Solder Mesh Optimisation ........................................................................ 101 
4.6.3 Finite Element Modelling (FEM) ............................................................. 102 
4.6.3.1  Finite Element Model (FEM) and Methodology .............................. 102 
4.6.4 Materials and their mechanical properties used in the assembly .............. 104 
4.6.5 Loading and Boundary Conditions ........................................................... 106 
4.6.6 Basic Assumptions employed in the FEA simulation used in ANSYS .... 110 
4.7 Methodology used for Fatigue Behaviours of Solder Joint (Thermal 
Cycling Test) ......................................................................................................... 110 
4.7.1 Mesh Convergence and Independence Study ........................................... 110 
4.7.2 Geometrical and Mesh Models ................................................................. 111 
4.7.3 Finite Element Model Simulation ............................................................. 111 
4.7.4 Material Properties and Parameters .......................................................... 112 
4.7.5 Loading and Boundary Conditions ........................................................... 113 
4.8 Methodology used for Random Vibrations ................................................. 115 
4.8.1 Finite Element Analysis (FEA) for Vibration Test ................................... 115 
4.8.2 Finite Element Modelling (FEM) ............................................................. 116 
4.8.3 Meshing and Boundary Conditions .......................................................... 117 
4.8.3.1 Assumptions and Restrictions ............................................................ 117 
4.8.4 Steps in ANSYS Modelling ...................................................................... 118 
4.8.4.1 Analysis Steps of Sub-Models ........................................................... 118 
4.9 Summary ......................................................................................................... 118 
CHAPTER 5 .............................................................................................................. 120 
CREEP BEHAVIOURS OF BGA SOLDER INTERCONNECTS THROUGH 
THERMAL CYCLING AND ISOTHERMAL AGEING ........................................ 120 
5.1 Introduction .................................................................................................... 120 
5.2 The Modelling Process ................................................................................... 122 
5.3 Submodelling Methodology........................................................................... 122 
5.3.1 Definition and Advantages ....................................................................... 122 
5.3.2 Theory of Submodel ................................................................................. 123 
5.3.3 Analysis Steps of Submodel ..................................................................... 124 
5.4 Solder Joint Failure Criteria......................................................................... 124 
5.5 Model Results and Discussions ..................................................................... 127 
5.5.1 Study of Mesh Convergence on Solder Joint Stress and Deformation ..... 127 
 xii 
5.5.2 Study of Isothermal Ageing on Solder Creep Response ........................... 128 
5.5.2.1 Study of Thermal Ageing on Creep Response on Equivalent Total 
Strain on Solder Joint Alloys ......................................................................... 129 
5.5.2.2 Study of Thermal Ageing of Creep Response on Strain Energy Density 
on Solder Joint Alloys .................................................................................... 130 
5.5.2.3 Study of Thermal Ageing of Creep Response on Solder Joint 
Deformation on Solder Joint Alloys .............................................................. 132 
5.5.2.4 Study of Equivalent (Von Mises) Stress Magnitude (Isothermal 
Ageing) On the Solder Joint Alloys ............................................................... 134 
5.5.3 Effect of Accelerated Thermal Cycling (ATC) on Solder Alloy Creep 
Response ............................................................................................................ 136 
5.5.3.1 Study of Thermal Cycling (Creep Response) of Equivalent (Von-
Mises) Stress on Solder Joint Alloys. ............................................................ 136 
5.5.3.2 Study of Strain Rate on the Solder Joint Alloys Subjected to Thermal 
Cycling ........................................................................................................... 138 
5.5.3.3 Study of Thermal Cycling (Creep Response) of Strain Energy Density 
on Solder Joint Alloys .................................................................................... 140 
5.5.3.4 Study of Thermal Cycling (Creep Response) on Solder Joint Alloy 
Deformation ................................................................................................... 141 
5.5.4 Stress-Strain Hysteresis Loop Relationship for Solder Joint Alloys under 
Thermal Cycling Conditions .............................................................................. 143 
5.5.5 Reliability of the Solder Interconnections ................................................ 144 
5.6 BGA and IMC Thermal Cycling and Isothermal Ageing Results and 
Analysis ................................................................................................................. 147 
5.6.1 Effect of Mesh Convergence on Solder Joint Alloys Stress Magnitude and 
Deformation Rate ............................................................................................... 148 
5.6.2 Study of Accelerated Thermal Cycle (ATC) on Solder Joint Alloys with 
IMC .................................................................................................................... 148 
5.6.2.1 Study of Strain Rates on Solder Joint Alloys..................................... 149 
5.6.2.2 Study of Equivalent (Von Mises) Stress on Solder Joint Alloys ....... 150 
5.6.2.3 Study of Strain Energy Density on Solder Joint Alloys .................... 152 
5.6.3 Effect of Isothermal Ageing on BGA Solder Joint Alloys on PCB .......... 153 
5.6.3.1 Study of Strain Rate on BGA Solder Joint Alloys under Thermal 
Ageing ............................................................................................................ 154 
5.6.3.2 Study of Equivalent (Von Mises) Stress on BGA Solder Joint Alloys 
under Isothermal Ageing................................................................................ 155 
5.6.3.3 Study of Strain Energy on BGA Solder Joints Subjected to Thermal 
Ageing ............................................................................................................ 157 
5.7 Summary ......................................................................................................... 159 
CHAPTER 6 .............................................................................................................. 161 
FATIGUE BEHAVIOURS OF BALL GRID ARRAY (BGA) SOLDER JOINTS 
SUBJECTED TO ACCELERATED THERMAL CYCLING (ATC) ..................... 161 
 xiii 
6.1 Introduction .................................................................................................... 161 
6.2 Fatigue Life Prediction Models..................................................................... 164 
6.2.1 Damage Parameters and Life Prediction Models...................................... 167 
6.2.1.1 Parameters Analysis ........................................................................... 169 
6.3 Failure Criterion used in the Fatigue life prediction .................................. 171 
6.4 Results and Discussions ................................................................................. 172 
6.4.1 Study of  Equivalent (Von Mises) Stress on the Solder Joints ................. 172 
6.4.2 Study of Strain Energy Density on the Solder Joints ................................ 174 
6.4.3 Study of Plastic Strain on the BGA Solder Joints..................................... 176 
6.4.4 Study of Shear Strain on the BGA Solder Joints ...................................... 178 
6.4.5 Study of Plastic Shear Strain on the BGA Solder Joints .......................... 180 
6.4.6 Study on Shear Strain and Plastic Shear Strain on the Solder Joints ........ 180 
6.4.7 Study of Creep Energy Density on the BGA Solder Joint Alloys ............ 181 
6.4.8 Study of Stress and Strain Relationship on BGA Solder Joints................ 182 
6.4.9 Analysis of Stress-Strain Hysteresis loop on BGA Solder Joints ............. 184 
6.4.10 Prediction of the Fatigue Life of BGA Solder Joint Alloys .................... 188 
6.4.11 Prediction Model Evaluation .................................................................. 196 
6.5 Summary ......................................................................................................... 198 
CHAPTER 7 .............................................................................................................. 200 
RANDOM VIBRATION INVESTIGATION OF BGA SOLDER JOINTS UNDER 
MECHANICAL LOADING ..................................................................................... 200 
7.1 Introduction .................................................................................................... 200 
7.1.1 Modal Analysis ......................................................................................... 202 
7.1.2 Benefits of Modal Analysis ...................................................................... 203 
7.2 Random Vibration of BGA Electronic Packages ........................................ 204 
7.3 Fatigue Life Prediction Model of Random Vibration ................................ 213 
7.3.1 Computation of Allowable Cycle Count................................................... 215 
7.3.2 Cumulative Fatigue Cycle Count Computation ........................................ 217 
7.3.3 Estimation of Fatigue Life of Solder Joints .............................................. 218 
7.4 Results and Discussions ................................................................................. 219 
7.4.1 Modal Simulation Analysis....................................................................... 219 
7.4.2 Random Vibration Results of Full FE Model ........................................... 222 
7.4.2.1 Study of Deformation on Solder Joint Alloys for Complete Finite 
Element Model (FEM) ................................................................................... 223 
7.4.2.2 Study of Normal Elastic Strain on Complete Finite Element Model. 223 
7.4.2.3 Study of Equivalent (Von Mises) Stress on Complete Finite Element 
Model ............................................................................................................. 224 
7.4.3 Modal Simulation Result Analysis of Submodel Solder Joint Alloys ...... 225 
7.4.3.1 Study of Directional Deformation on Solder Joint Alloys................. 226 
7.4.3.2 Study of Von Mises Stress on Solder Joint Alloys ............................ 227 
 xiv 
7.4.3.3 Study of Elastic Strain on Solder Joint Alloys................................... 229 
7.4.4 Fatigue Life Estimation of Solder Joints Subjected to Random Vibration
............................................................................................................................ 234 
7.4.4.1 Fatigue Life Estimate Calculation ..................................................... 234 
7.5 Summary ......................................................................................................... 237 
CHAPTER 8 .............................................................................................................. 240 
SUMMARY, CONCLUSIONS AND RECOMMENDATION FOR FUTURE 
WORK ........................................................................................................................ 240 
8.1 Introduction .................................................................................................... 240 
8.2 Summary ......................................................................................................... 240 
8.2.1 Investigation of the Creep Behaviours of Ball Grid Array (BGA) Solder 
Joints Subjected to Accelerated Thermal Cycling and Isothermal Ageing using 
FEA Simulation ................................................................................................. 240 
8.2.2 Fatigue behaviours of ball grid array (BGA) solder joints under accelerated 
thermal cycling (ATC) ....................................................................................... 241 
8.2.3 Random vibration behaviours of ball grid array (BGA) solder joints 
through FEA simulation studies......................................................................... 242 
8.3 Conclusions ..................................................................................................... 242 
8.4 Recommendations for Future Work ............................................................ 246 

























List of Figures 
Figure 1. 1: Consumer Electronics Revenue [Source: Statista (Forecast adjusted for 
expected impact of COVID-19), November 2020 (Statista, 2020)] .............................. 1 
Figure 1. 2: Consumer Electronics Users [Source: Statista (Forecast adjusted for 
expected impact of COVID-19), November 2020 (Statista, 2020)] .............................. 2 
Figure 1. 3: Solder joint fatigue failure  (Yang et al., 2008).......................................... 5 
Figure 1. 4: Programme of PhD Research Work ......................................................... 11 
 
Figure 2. 1: (a) Comparison of simulations and experimental results from uniaxial 
tension test at different temperatures (b) Comparison of simulations and experimental 
results from uniaxial tension test at room temperature and different strain rates (c) 
Comparison of simulations and experimental results from cycling shear at room 
temperature and different inelastic strain range (Gomez & Basaran, 2006)................ 30 
Figure 2. 2: Plastic shear strain-stress curves for Sn63Pb37 and Sn3.9Ag0.6Cu solders 
(Zhang et al., 2004) ...................................................................................................... 32 
Figure 2. 3: Comparison of model simulation to monotonic test data for Sn63Pb37 
solder and Comparison of model simulation to monotonic test data for SAC396 solder 
(Zhang et al., 2004) ...................................................................................................... 33 
Figure 2. 4: The section morphology of IMC layers in soldering (a) Sn/Cu soldering 
for 10s (b) Sn/Cu for 300s (c) Sn3Ag/Cu for 10s (d) Sn-3Ag/Cu for 300s (Cheng et 
al., 2001) ...................................................................................................................... 35 
Figure 2. 5: The FE model validated with Brown & Srawley analytical equation for 
small crack length studies (Ooi et al., 2017) ................................................................ 38 
Figure 2. 6: Von Mosses stress distribution for crack tip Young’s modulus 43 GPA 
and 110 GPA respectively under shear stress of 12 MPa and crack length of 0.05 mm 
(Ooi et al., 2017) .......................................................................................................... 38 
 
Figure 3. 1: Simplified Deformation Mechanism Map (Ashby, 1972)........................ 41 
Figure 3. 2: Equivalent creep strain in solder joints showing: (a) Schematic of strain 
damage in resistor solder joint (b) Schematic of strain damage in flip chip solder joint 
(c) Plot of equivalent creep strain against temperature cycle time for resistor assembly 
(d) Plot of equivalent creep strain against temperature cycle time for flip chip 
assembly (Amalu & Ekere, 2016) ................................................................................ 46 
 xvi 
Figure 3. 3: (a) High strain regions in the critical solder ball determined with FEM 
analysis. (b) Observation of the thermomechanical fatigue crack localized in the 
solder bulk on the component side [Adapted Ref: (Libot et al., 2018)] ...................... 46 
Figure 3. 4: Images of cracks found at the edge of the solder under at the point of 
highest calculated strains (Stinson-Bagby, 2002) ........................................................ 47 
Figure 3. 5: (a) Symmetric FEM model based on WLCSP structure (b) Symmetric 
FEM model based on solder joint and pads structure (c) simulation results (d) 
Scanning electron microscope (SEM) image from experiment  (Serebreni et al., 2017)
...................................................................................................................................... 47 
Figure 3. 6: (a) SnPb Max. principal strain at 125°C for the corner BGA (b) with 
conformal coating (b) without conformal coating (c) SnPb BGA Min. principal strains 
at -55°C for corner joint (d) with conformal coating (b) without conformal coating 
(Serebreni et al., 2017) ................................................................................................. 48 
Figure 3. 7: Uniaxial behaviour of materials (a) non-linear elastic and plastic 
behaviour; (b) ideal plasticity; (c) strain hardening plasticity (Taylor, 2005) ............. 49 
Figure 3. 8: Shear stress 𝜏𝑥𝑦  vs shear rate 𝛾𝑥𝑦 = 𝑑𝑣𝑥𝑑𝑦  for different types of 
viscoplastic models (Papanastasiou & Boudouvis, 1997) ........................................... 52 
Figure 3. 9:  (a) The von Mises yield surface in plane stress for Viscoplasticity with 
linear isotropic hardening and viscous (or over) stress and (b) the corresponding 
stress-strain curve (Hartley, 2006) ............................................................................... 52 
Figure 3. 10: Stress-strain response of experiments and simulated results for SnAgCu 
solders & Stress-strain response of experiments and simulated results for SnAgCuCe 
(Zhang, et al., 2010) ..................................................................................................... 54 
Figure 3. 11: Thermal mechanically fatigued plastic BGA joint image (Pierce et al., 
2008) ............................................................................................................................ 55 
Figure 3. 12: (a) Cracks propagate through the Sn-rich phase at Sn-Sn grain 
boundaries after thermomechanical fatigue (b) Optical micrograph of a failed Sn-
3,5Ag solder joint after experiencing thermomechanical fatigue (Shen, 2006) .......... 56 
Figure 3. 13: Thermal fatigue life model of solder joints [Adapted Ref. (Li et al., 
2017) ............................................................................................................................ 56 
Figure 3. 14: Thermal map [°C] on the device and Thermal impedance curve 
computed during a transient analysis in configuration (Petrone et al., 2015).............. 59 
Figure 3. 15: (a) Effective plastic strain distribution for SAC305 solder die (𝑇ℎ = 125 
[°C]) (b) & (c) Von Mises stress distribution [MPa] (Petrone et al., 2015) ................ 60 
 xvii 
Figure 3. 16: Number of cycles to failure for SAC305 solder die and Mesh of the 
numerical model (Petrone et al., 2015) ........................................................................ 60 
Figure 3. 17: Strength of a metal as a function of its melting temperature (Amalu, 
2012) ............................................................................................................................ 65 
Figure 3. 18: Features of an ideal fatigue life prediction model [Adapted from 
(Santecchia et al., 2016)] ............................................................................................. 65 
Figure 3. 19: SEM image showing the crack location of SAC305 2.6% strain range, 1 
Hz, 25℃ (Xu et al., 2012) ........................................................................................... 68 
Figure 3. 20: Applied strain range versus a number of cycles to failure for SnPb and 
SAC305 samples tested at 25℃, 1Hz and Strain range versus the number of cycles to 
failure for SnPb and SAC305 tested at 25, 50, 75, and 100℃ C at 1Hz (Xu et al., 
2012) ............................................................................................................................ 69 
Figure 3. 21: (a) Work-based damage relation comparison of four solder alloys at 
elevated temperature (b) Work-based damage relation comparison of four solders 
alloys at room temperature (Zhang et al., 2005) .......................................................... 70 
Figure 3. 22: Solder joints subjected to shear loading due to CTE mismatch (Hasnine 
& Bozack, 2018) .......................................................................................................... 71 
Figure 3. 23: Fatigue susceptible locations in solder joints  (IDCT, 2018) ................. 71 
Figure 3. 24: Cracked through-hole joint (IDCT, 2018) .............................................. 72 
Figure 3. 25: Vibration test setup: (a) a DTB mounted onto a fixture using eight 
standoffs, and (b) complete picture of the setup (Wong et al., 2007) .......................... 79 
Figure 3. 26: Mode shape matching between EMA and FEA for (a) first mode and (b) 
fifth mode (Wong et al., 2007)..................................................................................... 79 
Figure 3. 27: The FE model of BGA device and Overall model and solder array 
displacement diagram  (Lin et al., 2017) ..................................................................... 82 
Figure 3. 28: Stress and strain distribution of solder joint array and Stress and strain 
maximum stress distribution of stress and strain distribution map  (Lin et al., 2017) . 83 
 
Figure 4. 1:  BGA solder alloy soldered on PCB highlighting the different parts of the 
test vehicle ................................................................................................................... 84 
Figure 4. 2: SMD PCB Land Pattern (Solder Mask Defined Pads) (Topline, 2020) ... 89 
Figure 4. 3: (a) SolidWorks CAD drawing containing BGA with 36 balls in 6 × 6 
matrix used for this research and (b) ball view of WLP36T.5C-DC0667D SAC solder 
joints model designed with SolidWorks ...................................................................... 91 
 xviii 
Figure 4. 4: Right view of WLP36T.5C-DC0667D model designed with SolidWorks
...................................................................................................................................... 91 
Figure 4. 5: Representation of BGA Solder Balls showing different parts of the BGA 
with other electronic components ................................................................................ 92 
Figure 4. 6: BGA top view and ball view .................................................................... 92 
Figure 4. 7: Section view of BGA components ........................................................... 92 
Figure 4. 8: Daisy chain pattern test vehicle board  (Topline, 2020) ........................... 93 
Figure 4. 9: Model design of BGA on PCB using SolidWorks ................................... 93 
Figure 4. 10: (a) A submodel of the whole component (1/36 full model) and (b) mesh 
of the submodel with 67,123 nodes and 19,626 elements using with Hex-Dominant 
method.......................................................................................................................... 94 
Figure 4. 11:  Virtual domain of quarter component model  with a submodel (very 
fine mesh) of critical solder joint alloy in Hex- dominant mesh with 67,123 nodes and 
19,626 elements ........................................................................................................... 94 
Figure 4. 12: FEA Simulation procedures used in the research ................................... 99 
Figure 4. 13: Mesh of critical solder joint of a quarter model (with 121,270 nodes and 
72,651 elements) and simulated Deformation and Equivalent (Von mises) stress 
results of lead-free SAC305 solder meshed in tetrahedrons ...................................... 100 
Figure 4. 14: Trend line of convergence vs simulation solve time for Deformation of 
lead-free SAC305 solder alloy showing the asymptotic line ..................................... 100 
Figure 4. 15: Trend line of convergence vs simulation solve time for Equivalent (Von 
Mises) Stress of lead-free SAC305 solder alloy showing the asymptotic line .......... 100 
Figure 4. 16: (a) Full Model of assembly (b) A quarter assembly of the model with 
meshing on a PCB using the solder joints as the interconnection technology (with 
226,252 nodes and 59,105 elements) ......................................................................... 103 
Figure 4. 17: Details of the BGA package before assembling on a PCB showing: (a) 
SolidWorks full model (b) Sectional view (measurements in mm) ........................... 103 
Figure 4. 18: Solder structure in the FE model with a detailed X Plane- BGA structure 
in tetrahedrons mesh (measurements in mm) ............................................................ 104 
Figure 4. 19: Assembled structure of BGA solder alloys soldered on PCB showing 
conditions at the support (mm) .................................................................................. 108 
Figure 4. 20: Thermal Cycling conditions used in the FEA simulation .................... 108 
Figure 4. 21: Full component model with a submodel showing very fine mesh of 
solder alloy ................................................................................................................. 115 
 xix 
 
Figure 5. 1: A schematic of the modelling processes ................................................ 123 
Figure 5. 2: Typical BGA solder joint crack after a thermal cycling test (Qi et al., 
2008) .......................................................................................................................... 125 
Figure 5. 3: Plot of equivalent strain vs temperature for eutectic lead-based Sn63Pb37 
and lead-free SAC solders subjected thermal ageing ................................................ 129 
Figure 5. 4: Schematic of equivalent total strain for (a) Sn63Pb37 (b) SAC305 (c) 
SAC405 (d) SAC387 and (e) SAC396 solders after isothermal ageing modelling at 
25℃ ............................................................................................................................ 130 
Figure 5. 5: Schematic of equivalent total strain for Sn63Pb37, SAC305, SAC405, 
SAC387 and SAC396 solders after isothermal ageing modelling at 150℃ .............. 130 
Figure 5. 6: Plot of strain energy density vs temperature for lead-based eutectic 
Sn63Pb37and lead-free SAC solders subjected thermal ageing ................................ 131 
Figure 5. 7: Schematic of strain energy for (a) Sn63Pb37 (b) SAC305 (c) SAC405 (d) 
SAC387 and (e) SAC396 solders after isothermal ageing modelling at 25℃ ........... 132 
Figure 5. 8: Schematic of strain energy for Sn63Pb37, SAC305, SAC405, SAC387 
and SAC396 solders after isothermal ageing modelling at 150℃............................. 132 
Figure 5. 9: Deformation vs Temperature schematic for lead-based eutectic Sn63Pb37 
subjected to isothermal ageing for 45 days ................................................................ 133 
Figure 5. 10: Schematic of deformation for (a) Sn63Pb37 (b) SAC305 (c) SAC405 (d) 
SAC387 and (e) SAC396 solder alloys  after isothermal ageing modelling at 25℃ . 133 
Figure 5. 11: Schematic of total deformation for lead-based eutectic Sn63Pb37, and 
lead-free SAC305, SAC405, SAC387 and SAC396 solder alloys after isothermal 
ageing modelling at 150℃ ......................................................................................... 134 
Figure 5. 12: Von Mises stress plot vs Temperature for lead-based eutectic Sn63Pb37 
and lead-free SAC solder alloys subjected isothermal ageing ................................... 135 
Figure 5. 13: Schematic of Von Mises stress for (a) Sn63Pb37 (b) SAC305 (c) 
SAC405 (d) SAC387 and (e) SAC396 solder alloys after isothermal ageing modelling 
at 25℃ ........................................................................................................................ 135 
Figure 5. 14: Schematic of Von Mises stress for Sn63Pb37, SAC305, SAC405, 
SAC387 and SAC396 solder alloys after isothermal ageing modelling at 150℃ ..... 136 
Figure 5. 15: Plot of equivalent (Von Mises) stress for lead-based eutectic Sn63Pb37 
and SAC solder alloys subjected thermal cycling...................................................... 137 
 xx 
Figure 5. 16: Schematic of equivalent (von-Mises) stress for (a) Sn63Pb37 (b) 
SAC305 (c) SAC405 (d) SAC387 and (e) SAC396 solder alloys after thermal cycling 
modelling ................................................................................................................... 138 
Figure 5. 17: Crack image after 2500 thermal cycles (a) A complete solder joint (b) a 
corner of BGA side [Adapted Ref. (Mi et al., 2014)] ................................................ 138 
Figure 5. 18: Plot of Equivalent total strain for eutectic Sn63Pb37 and SAC solder 
alloys subjected to thermal cycling ............................................................................ 139 
Figure 5. 19: Schematic of total strain for (a) Sn63Pb37 (b) SAC305 (c) SAC405 (d) 
SAC387 and (e) SAC396 solder alloys after thermal cycling modelling .................. 139 
Figure 5. 20: Strain energy density plots for lead-based eutectic Sn63Pb37 and SAC 
solder alloys subjected to thermal cycling ................................................................. 140 
Figure 5. 21: Schematic of strain energy for (a) Sn63Pb37 (b) SAC305 (c) SAC405 
(d) SAC387 and (e) SAC396 solders after thermal cycling modelling ..................... 141 
Figure 5. 22: Deformation rate plot for lead-based eutectic Sn63Pb37 solder alloy and 
lead-free SAC solders subjected to thermal cycling .................................................. 142 
Figure 5. 23: Schematic of total deformation for (a) lead-based eutectic Sn63Pb37 (b) 
SAC305 (c) SAC405 (d) SAC387 and (e) SAC396 solder alloys after thermal cycling 
modelling ................................................................................................................... 142 
Figure 5. 24: Representation schematic of solder joint hysteresis loops for lead-based 
eutectic Sn63Pb37 and lead-free SAC305, SAC396, SAC387 and SAC405 solders 143 
Figure 5. 25: Schematic distribution of damage on the solder bump of the BGA 
soldered on PCB after simulation modelling ............................................................. 144 
Figure 5. 26: Thermal mechanically fatigued plastic BGA joint image  (Pierce et al., 
2008) .......................................................................................................................... 145 
Figure 5. 27: Schematic distribution of damage on the solder showing (a) High strain 
regions in the critical solder ball determined with FEM analysis (b) Observation of the 
thermo-mechanical fatigue crack localised in the solder bulk on the component side 
(Schäfer et al., 2014) .................................................................................................. 146 
Figure 5. 28: Plot of thermal cycling and isothermal ageing reliability positions of 
solders Interconnect [Reliability increases from 1 to 5: 1 = best and 5 = worse] ...... 146 
Figure 5. 29: SEM image of solder joint failure modes of the solder joints during 
temperature cycling showing cracked at component interface of eutectic Sn63Pb37 
solder (An et al., 2018)) ............................................................................................. 147 
 xxi 
Figure 5. 30: Failure results of SAC105 solder joint in board level reliability (BLR) 
thermal cycling test (TCT) in test vehicle (a) larger redistribution layer (RDL) pad 
size and (b) smaller redistribution layer (RDL) pad size [Adapted Ref: (Hsieh & 
Tzeng, 2014)] ............................................................................................................. 147 
Figure 5. 31: SEM image of a solder joint cracked at interface of solder and IMC at 
die side after being subjected to accelerated thermal cycling: (a) adapted package side 
crack on 144 I/O BGA (Sn based finish SAC305 solder) (b) adapted cracked joint 
[Adapted Ref: (George et al., 2011)] ......................................................................... 147 
Figure 5. 32: Typical failed SnAgCu solder joint cross-section [Adapted Ref: (A. 
Syed, 2016)] ............................................................................................................... 147 
Figure 5. 33: Strain rate plot for solder alloys with 5mm IMC thickness subjected to 
thermal ageing ............................................................................................................ 150 
Figure 5. 34: Schematic of Strain rate plot for solder alloys with 5mm IMC thickness 
subjected to thermal ageing ....................................................................................... 150 
Figure 5. 35: Plot of Von mises stress rate for solder alloys with 5mm IMC thickness 
subjected to thermal ageing ....................................................................................... 151 
Figure 5. 36: Schematic of Von mises stress rate for solder alloys with 5mm IMC 
thickness subjected to thermal ageing........................................................................ 152 
Figure 5. 37: Plot of strain energy density solder alloys with 5mm IMC thickness 
subjected to thermal ageing ....................................................................................... 153 
Figure 5. 38: Schematic of strain energy for solder alloys with 5mm IMC thickness 
subjected to thermal ageing ....................................................................................... 153 
Figure 5. 39: Plot of strain results for the thermal ageing simulation tests at 
temperature of -40,25,75 and 150℃ with IMC thickness of 2, 5, 8, 11- and 14-mm 
solder alloys ............................................................................................................... 155 
Figure 5. 40: Plot of Von mises stress results for the thermal ageing simulation tests at 
temperature of -40℃,25℃,75℃ and 150℃ with IMC thickness of 2, 5, 8, 11 and 14 
mm for solder alloys .................................................................................................. 157 
Figure 5. 41: Plot of strain energy results for the thermal ageing simulation tests at 
temperature of -40℃,25℃,75℃ and 150℃ with IMC thickness of 2, 5, 8, 11 and 14 
mm for solder alloys .................................................................................................. 158 
 
Figure 6. 1: Schematics of the Modelling Process ..................................................... 165 
Figure 6. 2: Primary cause of failure in electronic package (Guo et al., 2005) ......... 167 
 xxii 
Figure 6. 3: Plot of Von mises stress vs number of cycles for solder joint alloys ..... 174 
Figure 6. 4: Schematics showing areas of maximum Von mises stress on solder joints
.................................................................................................................................... 174 
Figure 6. 5: Strain energy results for solder alloys .................................................... 175 
Figure 6. 6: Strain energy distribution on SAC396 solder joint alloys ...................... 176 
Figure 6. 7: Schematic representations showing areas of maximum strain energy on 
solder joints ................................................................................................................ 176 
Figure 6. 8: Plastic strain rate results for six complete cycles of solder joints .......... 177 
Figure 6. 9: Equivalent plastic strain distribution on SAC305 solder joints ............. 178 
Figure 6. 10: Schematics showing areas of maximum plastic strain ......................... 178 
Figure 6. 11: Shear strain rate results for six complete cycles of solder joint alloys . 179 
Figure 6. 12: Schematics showing areas of maximum shear strain on solder alloys . 179 
Figure 6. 13: Plastic shear strain rate results for six complete cycles of solder joints
.................................................................................................................................... 180 
Figure 6. 14: Creep energy density vs cycle time for solder joint alloys................... 182 
Figure 6. 15: Strain vs stress results solder alloys ..................................................... 183 
Figure 6. 16: Stress-strain hysteresis loop for solder alloys ...................................... 185 
Figure 6. 17: SEM image of solder joint failure modes of the solder joints during 
temperature cycling showing cracked at component interface of eutectic 63Pb37Sn 
solder (An et al., 2018) .............................................................................................. 185 
Figure 6. 18: Failure results of SAC105 solder joint in board level reliability (BLR) 
thermal cycling test (TCT) in test vehicle (a) larger redistribution layer (RDL) pad 
size and (b) smaller redistribution layer (RDL) pad size [Adapted Ref: (Hsieh & 
Tzeng, 2014)] ............................................................................................................. 186 
Figure 6. 19: Crack image after 2500 thermal cycles. (a) A complete solder joint and 
(b) a corner of BGA side (Mi et al., 2014)................................................................. 187 
Figure 6. 20: SEM image of a solder joint cracked at interface of solder and IMC at 
die side after being subjected to accelerated thermal cycling: (a) adapted package side 
crack on 144 I/O BGA (Sn based finish SAC305 solder) (b) adapted cracked joint 
[Adapted Ref: (George et al., 2011)] ......................................................................... 188 
Figure 6. 21: Typical failed SnAgCu solder joint cross-section [Adapted Ref: (Syed, 
2004)] ......................................................................................................................... 188 
Figure 6. 22: Fatigue Lives of BGA solder joints ...................................................... 193 
 xxiii 
Figure 6. 23: Comparison of the fatigue lives of solder joint alloys from this work 
with data from peer-reviewed literature ..................................................................... 194 
Figure 6. 24: Plot of fatigue lives of solder joint alloys using the four life prediction 
models ........................................................................................................................ 197 
Figure 6. 25: Plot of percentage change in predicted life and range of predicted life 
against solder alloys ................................................................................................... 197 
 
Figure 7. 1: Types of vibrations ................................................................................. 201 
Figure 7. 2: Failure of solder joint obtained from FE results and experiment (Jayesh & 
Elias, 2019) ................................................................................................................ 207 
Figure 7. 3: SEM image of the corner solder ball of the package failed (Jayesh & 
Elias, 2019) ................................................................................................................ 207 
Figure 7. 4: (a) Schematic of BGA on PCB geometries (b) Crack initiation and 
propagation in solder ball after ageing in a package [Adapted Ref: (Samavatian et al., 
2018)] ......................................................................................................................... 209 
Figure 7. 5: (a) Stress distribution and (b) Strain distribution of bottom layer of solder 
joint (Hua et al., 2016) ............................................................................................... 210 
Figure 7. 6: (a) Stress distribution and (b) Strain distribution of upper layer of solder 
joint (Hua et al., 2016) ............................................................................................... 210 
Figure 7. 7: Methodology used in the random vibration analysis of BGA solder joint 
alloys soldered on PCB .............................................................................................. 216 
Figure 7. 8: The first six mode of full model ............................................................. 221 
Figure 7. 9: Plot of Frequency vs deformation of solder joint subjected to random 
vibration ..................................................................................................................... 222 
Figure 7. 10: Plot of Frequency vs deformation of solder joint subjected to random 
vibration ..................................................................................................................... 222 
Figure 7. 11: Deformation result for lead-based eutectic Sn63Pb37 showing the top 
and bottom of solder joint bumps with areas prone to failure ................................... 223 
Figure 7. 12: Elastic strain result for lead-based eutectic Sn63Pb37 showing the top 
and bottom of solder joint bumps .............................................................................. 224 
Figure 7. 13: Equivalent stress distributions on solder balls for lead-based eutectic 
Sn63Pb37 showing the top and bottom of solder joint bumps .................................. 224 
Figure 7. 14: first six vibration mode for the submodel solder joint ......................... 225 
 xxiv 
Figure 7. 15: Schematic of the effect of deformation on lead-based eutectic 
Sn63Pb37, and lead-free SAC387, SAC396, SAC405 and SAC305 solder alloys ... 226 
Figure 7. 16: Plot of deformation for solder joint alloys ........................................... 227 
Figure 7. 17: Schematic of the Equivalent stress distributions on solder balls for lead-
based eutectic Sn63Pb37, and lead-free SAC387, SAC396, SAC405 and SAC305 
solder joint alloys ....................................................................................................... 228 
Figure 7. 18: Plot of Von mises stress for solder joint alloys .................................... 228 
Figure 7. 19: Schematic of  top and bottom of equivalent stress for lead-based eutectic 
Sn63Pb37, and lead-free SAC387, SAC396, SAC405 and SAC305 solder alloys ... 229 
Figure 7. 20: Schematics showing the effect of elastic strain on the lead-based eutectic 
Sn63Pb37, and lead-free SAC387, SAC396, SAC405 and SAC305 solder joint alloys
.................................................................................................................................... 231 
Figure 7. 21: Plot of elastic strain for solder joint alloys ........................................... 231 
Figure 7. 22: Schematic of  top and bottom view of elastic strain for solder joint alloys
.................................................................................................................................... 232 
Figure 7. 23: Cross-section images of a solder joint indicating cracks on the board and 
package interfaces along with their initiation locations and propagation directions 
[Adapted ref. (Wong et al., 2007)] ............................................................................. 232 
Figure 7. 24: Representative Section Views of Cracking by SEM (Zhao et al., 2018)
.................................................................................................................................... 233 
Figure 7. 25: (a) Cross-section of major failure solder joints (b) Cross-section of 
minor failure solder joints [(a & b) –  (Tao et al., 2014)]; (c, d & e) Failure mode of 
solder joints (Zhang et al., 2019)]; (f) SEM image of the corner solder ball showing 
crack formation (Saravanan et al., 2018)] .................................................................. 233 
Figure 7. 26: Plots of Fatigue Life for solder joint alloys .......................................... 236 
Figure 7. 27: Comparisons of plots of fatigue lives of solder joint alloys from peer-









List of Tables 
Table 2. 1: Examples of lead-free solder alloys with a melting point between 200℃−
230℃  (Nimmo, 1997) ................................................................................................ 17 
Table 2. 2: Advantages and disadvantages of lead-based eutectic Sn63Pb37 and lead-
free SnAgCu solder alloys (Nose, 2020; Mediengruppe, 2002) .................................. 18 
Table 2. 3: Chemical composition of Sn-Ag-Cu and Sn-Pb solder alloys wt. % (Zhu et 
al., 2005) ...................................................................................................................... 20 
Table 2. 4: Survey of Market results (Soldertec, 2002) ............................................... 21 
Table 2. 5: Mechanical Properties Test Results (n=3)  (Sawamura & Igarashi, 2005)26 
Table 2. 6: Ref. SAC vs Sn63Pb37  (Sawamura & Igarashi, 2005) ............................ 27 
 
Table 3. 1: Classification of Electronics Operating Environment (Ohadi & Qi, 2004)
...................................................................................................................................... 39 
Table 3. 2: Summary of Solder Joint Fatigue Model (Depiver et al., 2020) ............... 60 
Table 3. 3: Fatigue Models and Classifications (Depiver et al., 2020; Mughrabi et al., 
2004) ............................................................................................................................ 61 
 
Table 4. 1: Physical and Mechanical Properties of Solder Alloys (Bolotoff, 2010; 
Topline, 2020) .............................................................................................................. 87 
Table 4. 2: SnAgCu (SAC) Alloy Characteristics ....................................................... 88 
Table 4. 3: PCB Dimensions (Topline, 2020).............................................................. 89 
Table 4. 4: Part number table (Topline, 2020) ............................................................. 91 
Table 4. 5: Components and the package and their architecture (Topline, 2020) ..... 104 
Table 4. 6: Package Dimensions (Topline, 2020) ...................................................... 104 
Table 4. 7: Mechanical properties of materials in BGA on PCB solder joints assembly
.................................................................................................................................... 105 
Table 4. 8: Creep Constitutive Constants for Solder Alloys ...................................... 106 
Table 4. 9: Composition of solders alloys test samples ............................................. 109 
Table 4. 10: Physical properties of the materials used for FEA simulation .............. 112 
Table 4. 11: Anand model constant for solder joint alloys ........................................ 113 
Table 4. 12: Thermal Cycling test parameters (Author) ............................................ 114 
Table 4. 13: Material and mechanical properties parameters used for the random 
vibration analysis ....................................................................................................... 117 
 
 xxvi 
Table 6. 1: Table of creep fatigue life models for SAC solder (Amalu, 2012; Syed, 
2004) .......................................................................................................................... 171 
Table 6. 2: Table of Fatigue Life Prediction Models ................................................. 195 
 
Table 7. 1: Types and Input and Output of a Dynamic Analysis ............................... 202 
Table 7. 2: The Natural Frequency of the full model ................................................ 220 
Table 7. 3: The Natural Frequency, Deformation and Displacement results of the 
Model ......................................................................................................................... 221 
Table 7. 4: Table of mode orders and frequency (Hz) ............................................... 224 
Table 7. 5: Computation of Allowable Cycle Count (Eqn. 7.15) .............................. 234 
Table 7. 6: Cumulative Fatigue Cycle Count Computation (Eqn. 7.16 – 7.20)......... 234 
Table 7. 7: Fatigue Life Estimation of Critical Solder Joints Prone to Failure under 





Solder interconnects, also known as solder joints, are the building blocks of modern 
electronics. From a functionality point of view, solder joints provide thermal, 
mechanical and electrical connections between package elements and maintain 
integrity throughout the manufacturing processes and service conditions. The 
reliability of these joints is, therefore, an integral part of any electronic packaging. 
Indeed, having reliable solder joints is very significant for the operational 
performance of electronics systems, for example, automobile, aeroplane, medical 
devices, oil & gas drilling applications, defence, power grids etc. The global printed 
electronics market is projected to grow from US$7.8 billion in 2020 to US$20.7 
billion by 2025. It is also expected to grow at a compound annual growth rate 
(CAGR) of 21.5% during the forecast period. The revenue in the consumer 
electronics segment is anticipated to reach US$378.995 billion in 2020 (+17.7% year-
over-year (YoY)), as presented in Fig.1.1 In the consumer electronics segment, the 
number of users is expected to amount to 2.712 billion by 2025 with the current users 
of consumer electronics in 2020 at 1.659 billion (+16.1% YoY) and presented in Fig. 














Figure 1. 1: Consumer Electronics Revenue [Source: Statista (Forecast adjusted for expected 
impact of COVID-19), November 2020 (Statista, 2020)] 
 
















Figure 1. 2: Consumer Electronics Users [Source: Statista (Forecast adjusted for expected impact 
of COVID-19), November 2020 (Statista, 2020)] 
The reliability of solder joint in electronic devices is essential for the operational 
performance of systems used in safety-critical applications such as the underhood of 
automobiles, medical devices, aerospace, defence, oil and gas drilling, and power 
grids. Because the solder joint is brittle and miniature, it is regarded as the most 
vulnerable part of an electronic assembly and is very sensitive to premature damage. 
The increasing use of the miniaturisation of solder joint in electronic components, 
including growing application in high-temperature ambient, has put a tremendous 
interest in thermal and mechanical reliability of solder joints in electronic 
components. The ability of solder joints to retain its' conformance with their 
electrical, mechanical, and visual specs over a duration under a particular set of 
operational provisions is regarded as solder joint reliability (SJR). Several parameters 
assess these solder joint alloys' reliability: thermal fatigue, vibration resistance, shear 
strength, creep resistance and drop shock. As a result of the adoption of the 
Restriction of Hazardous Substances (RoHS) directives on 1st July 2006, by the 
European Union (EU), there have been new progress and developments in lead-free 
solders as a replacement for the conventional lead-based solders for application in the 
electronics manufacturing industries (Coyle et al., 2015; Kanlayasiri & Sukpimai, 
2016; Plumbridge, 2005; Schueller et al., 2003; Zhang et al., 2013; Zhang et al., 
2008a). Amongst the lead-free solders investigated, Sn-Ag, and Sn-Ag-Cu based 
solders offer the most promising characteristics as replacement of lead-based solders 
(Sun et al., 2015; Zanella, 2018). The introduction of new lead-free solders added a 
new dimension to reliability concerns in electronic devices. 
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The long-standing reliability interests of solder joints resulting in interconnection 
failure are thermo-mechanical fatigue and isothermal ageing (Frear et al., 2008; 
Lechovič et al., 2008; Li et al., 2017; Shen et al., 2017; Shnawah et al., 2011, 2012). 
Thermo-mechanical fatigue occurs because most electronic devices consist of the 
variability of materials with different coefficients of thermal expansion (CTE) and are 
exposed to thermal fluctuations resulting from internal heating or ambient 
temperature changes. On the other hand, thermal ageing occurs when solder joints are 
exposed to high-temperature at ambient temperature, for example, under-the-hood of 
automobiles. The failure behaviour, mechanical response, and the microstructure of 
lead-free solder joints in electronic assemblies are continually changing once they are 
exposed to thermal ageing and accelerated thermal cycling (ATC) environment. The 
microstructure of solder joints can develop to a coarsened structure that is weaker and 
interfacial reactions that form a brittle intermetallic compound (IMC). Solder joints 
principle is to maintain reliability through their service life cycle. Therefore, the 
researcher must sufficiently understand soldier joint fatigue behaviour and every 
element of the failure criterion investigated. 
 
The thermal and mechanical behaviours of solders are immensely significant, as 
solder joints are required to preserve their thermal and mechanical integrity under 
harsh environmental conditions: 
• Thermal and mechanical fatigue: The electronic devices comprise materials 
with different coefficients of thermal expansion (CTE). Cyclic strains are 
employed in the assembled components because of cooling and heating.  
• Creep failure: Solder joints are exposed to prolonged time in harsh/severe 
temperature during the electronic devices' service life cycle. This results in a 
time-dependent deformation and failure of solder joints at high temperature 
and constant stress.  
• Isothermal ageing: Heat disseminated by the changes in ambient temperature, 
especially in automobiles and aerospace, may generate microstructural 
changes because of the isothermal ageing of the solder joint alloy materials.  
Thorough knowledge of the thermo-mechanical behaviour of lead-free solder joints is 
essential in improving electronic products' operational reliability. Hence, this study 
investigates the complex failure behaviours of solder interconnects under thermo-
mechanical loading conditions through FEA simulation. 
 4 
1.2 Problem Statement and Challenges 
Solder as a metallic alloy is used extensively in the electronics industry to make 
electrically conducting connections between components and wires such as 
capacitors, resistors, circuits, and so forth. These interconnections or joints could fail 
for several reasons: 1) solder material issues; 2) excessive stresses applied to the 
solder joints, 3) weak solder joint design; 4) weak solder joint processing. Generally, 
nonetheless, solder joint failures are classified according to the stresses that produced 
them and the process the solder joints fail. The noticeable failure interests for solder 
joint alloys are creep deformation, vibration durability, solder joint ageing, stress 
overloading, fatigue, intermetallic growth, mechanical cycling, thermal cycling 
durability, and electro and electrochemical migration. Knowing the physics of these 
failure mechanisms helps in reliability development (Shangguan, 2005). Several 
solder joint failures happen under three vital categories: 
• Tensile fracture due to stress overloading, which is short-term. 
• Fatigue failure because of the application of cyclical stresses. 
• Creep failure due to the application of a long-term, permanent load. 
Furthermore, one should be aware that any combination of these stresses can act on a 
solder joint in any provided situation, making solder joint failure analysis stimulating 
at times added to the evidence of solder joint alloy degradation because of other 
factors such as corrosion. 
 
Constant thermo-mechanical loading induces creep failure in solder joints. Creep is 
indeed the most common micromechanical deformation mechanism in solder joints; 
thus, creep resistance is a valuable mechanical property. The creep effect is more 
critical in SnAgCu (SAC) solder alloy materials at high temperature. Thermal ageing 
of solder joints produces changes in the solder joint microstructure, which triggers 
creep failure (Hasnine et al., 2014; Motalab et al., 2012; Zhang et al., 2012; Zhang et 
al., 2008b). Comprehensive knowledge and understanding of these systems' failure 
are essential in preventing electronic devices' premature failure. 
Thermal fatigue is another prime reason for the failure of solder joints in surface 
mount electronic components (SMD). It is a standard failure mode in high-reliability 
applications such as in the military, aerospace and telecommunication. In electronic 
assemblies, solder joint alloys typically undergo thermal stresses because of combined 
 5 
influences of non-uniform thermal distributions in the package and a mismatch in 
coefficient of thermal expansion (CTE) between the component and substrate 
material. Thermal and mechanical fatigue occurs when materials with different CTE 
are joined and utilised in an environment that undergoes cyclic temperature variations 
resulting in a forced cycling strain. Thermal and mechanical fatigue is a vital 
deformation tool regarding solder joint in electronic packages. Fatigue failure in 
solder joints usually initiates and propagate at the interface between the solder and 











Figure 1. 3: Solder joint fatigue failure  (Yang et al., 2008) 
Also, slight temperature changes may significantly influence the joint thickness and 
CTE difference of similar alloy materials. Following a considerable number of 
thermal excursions, such as the machine on/off cycles, solder joints will be subjected 
to fatigue failure. The type and consequence of strains in solder joint alloys under 
thermo-mechanical fatigue conditions are usually considerably complicated. For 
surface mount in electronic devices (SMD), the strain is nominally in shear. 
Nevertheless, tensile and mixed-mode strains may occur because of the bending of the 
chip carrier or board. The heterogeneously coarsened colony boundaries are much 
weaker than the rest of the solder joint, and any added deformation accumulates in the 
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Summary of  problem statements: 
 The creep of solder joints which has been more critical in SAC alloys has not 
been sufficiently investigated and benchmarked through FEA using ATC and 
isothermal ageing.  
 The soldier joints' fatigue lives have not been adequately compared using low 
cycle fatigue empirical equations such as one considered in this work for the 
five solder alloys. 
 While there have been significant studies on the impacts of low-cycle fatigue, 
there have been minimal studies on high-cycle fatigue, such as the one 
experienced in random vibration (such as under the hood of automobile, 
aircraft gas turbines etc.). 
Vibration-induced solder joint fatigue failure is a significant reliability interest for the 
automobile, military and aerospace industries whose electronic devices employed in 
the field is required to remain operative under harsh environmental loading 
conditions. According to the American Air Force data, more than 20% of electronic 
products fail under vibration and shock environment, while 75% of failure is induced 
by temperature and vibration. This problem is more severe with the application of 
lead-free solder alloys and mixed solder alloys because lead-free solder alloy has 
higher rigidity and lower elasticity than the traditional SnPb solder alloy (Wood et al., 
1969). The significant difference between low cycle fatigue (LCF) and high cycle 
fatigue (HCF) is the deformations. LCF is described by repeated plastic deformation 
(i.e. in each cycle), whereas HCF is described by elastic deformation. The number of 
cycles to failure (𝑁𝑓) is low for LCF and high for HCF, hence low and high cycle 
fatigue. The transition between LCF and HCF is determined by the stress level, i.e. 
transition between plastic and elastic deformations. 
1.3 Motivation for this study 
As the need for miniature and smaller hand-held and pocket electronic consumer 
products such as camcorders and mobile phone continue to rise, the requirement 
towards additional miniaturisation of electronic devices and solder joints will also 
continue. Innovations in electronic industries are also driven by the demand for higher 
performance and functionality in electronic products. Several investigations have 
confirmed the superior performance of lead-free solder alloys under thermal cycling, 
vibration and shock. These investigations help immensely understand lead-free solder 
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alloy’s reliability, and the effect of extended operation under thermo-mechanical 
stresses in severe environments and the transition to lead-free solder interconnect. 
There are, however, considerable concerns, especially in military and defence, 
aerospace, oil and gas, and automotive under-the-hood electronic applications that 
often operate for a prolonged time under severe temperature excursions. 
Whilst the industry has acknowledged changes to lead-based Sn-Pb solder, work is 
still needed to be done on lead-free SnAgCu (SAC) solder alloys, explicitly in the 
areas below: 
• Thermo-mechanical solder alloy materials such as temperature and stress-
dependent, inelastic behaviour creep and stress magnitude. 
• Failure mechanisms connected to the solder joints, such as creep deformation 
role. 
• Temperature cycle data, for example, on real components. 
• Life prediction models such as models to incorporate time and temperature-
dependent behaviour of solder. 
• The application of constitutive equation in FEA software valuable for life 
prediction model development. 
• Solder-surface interactions such as solder reactions with metallisation to form 
interfacial intermetallic, intermetallic growth with time and temperature, 
metallisation consumption by IMC growth, and thermo-mechanical properties 
of the IMC. 
• Assembly process. 
The introduction of several lead-free solders added a new dimension to reliability 
issues in electronic devices. The properties and responses to the various loading 
conditions arising from diverse environments the new solders in electronic devices 
operate are yet to be fully qualified. Consequently, mission-critical systems are fully 
compliant with the directives and necessitate continued effort in this regard. While the 
creep, fatigue and vibration behaviours of some of these new lead-free solder solders 
have been extensively researched in the last 15 years, these are not adequately 
compared and benchmarked for different lead-free solders that are being used. As 
more and more thermo-mechanical properties of lead-free solders are becoming 
available, it is also critical to know how these behaviours differ under different 
mathematical models. 
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The author is motivated that the proposed studies on solder joint creep, fatigue failure 
and random vibration analysis of solder joints through FEA simulation will fill the 
knowledge gaps. The thermo-mechanical reliability of lead-free solder alloys and 
their effects is thoroughly reviewed in the research, including creep and fatigue 
behaviour causing solder joint failures and mechanical degradation such as random 
vibration. The thermo-mechanical analysis is carried out using FEA simulation 
software. Although there have been numerous studies on lead-free solder by several 
authors, no study has compared and benchmark five solders interconnect such as lead-
based eutectic Sn63Pb37 and lead-free SnAgCu solder alloys (SAC305, SAC387, 
SAC396 and SAC405) considered in this work; therefore, the necessity for this 
research. The researcher will use the information obtained in the report in improving 
solder-joint reliability and thermo-mechanical properties to predict the reasonable 
accuracy of service life and benchmark recommendation for the electronics 
manufacturing engineers and industry. Understanding different solder alloy materials 
are essential for achieving and selecting the best and appropriate solders for electronic 
packages. 
1.4 Aim and Objectives of the study 
The investigation aims to study complex behaviours of solder interconnects under 
thermo-mechanical loading conditions.  
The objectives of the study are: 
1. To critically evaluate the state-of-the-art reliability of lead-free solder 
interconnects under thermal and mechanical loading conditions. 
2. To investigate creep behaviours of ball grid array (BGA) solder joints 
subjected to accelerated thermal cycling and isothermal ageing using FEA 
simulation. 
3. Evaluate fatigue behaviours and fatigue life of ball grid array (BGA) solder 
joints under thermal cycling (ATC) using FEA simulation. 
4. To investigate random vibration behaviours of ball grid array (BGA) solder 
joints through FEA simulation studies. 
1.5 Scope of the Research 
The work presented in this thesis focuses on the thermo-mechanical reliability of 
solder interconnects. For the solder alloys studied, the author used five alloys (lead-
based eutectic Sn63Pb37, and lead-free SAC305, SAC387, SAC396 and SAC405) 
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throughout this work because of the availability of the material properties of these 
alloys. Furthermore, for the creep-fatigue behaviour of solder joints, the author will 
base the failure criterion on stress, strain, strain energy density, deformation and 
stress-strain hysteresis loop. The solder joint's fatigue life for the five solder alloys 
examined in this research was also predicted using four fatigue life models, namely 
Solomon, Engelmaier, and Coffin-Manson (low cycle fatigue (LCF)) and Syed 
(accumulated creep energy density). The author used these four-fatigue life prediction 
models because of their accuracy, effectiveness, and most convenient tool utilised to 
calculate the thermal fatigue life of solder joints and predict useful life cycle and 
lifetime of solder joint compared to other fatigue life models. For the vibration 
analysis of BGA solder joint alloys, the research is limited to mechanical loading due 
to random vibration. The results obtained are mainly focused on the FEA simulations 
using ANSYS software. 
1.6 Research Plan and Programme of Work 
Figure 1.4 presents the programme of work for the PhD study carried out in this 
thesis. The research began with an extensive literature review of significant published 
works whose core focus was to identify gaps in knowledge in the area of solder joint 
reliability of a ball grid arrays (BGA) solder joint soldered on printed circuit board 
(PCB) using five solder alloys of lead-based eutectic Sn63Pb37 and lead-free 
SAC305, SAC387, SAC396 and SAC405. The work carried out in this investigation 
is on the thermo-mechanical reliability studies of lead-free solder interconnect using 
finite element modelling methods and analysis, including benchmarking the 
behaviour of lead-based eutectic Sn63Pb37 and lead-free SAC305, SAC387, SAC396 
and SAC405 solder alloys. The solder alloys considered are undergoing or subjected 
to accelerated thermal cycling and isothermal cyclic mechanical loading conditions. 
The four lead-free SnAgCu (SAC) solder alloys are widely used in several peer-
reviewed literatures and provide material properties. The author used the lead-based 
eutectic Sn63Pb37 for the control of FE simulation investigations. 
1.7 Overview of the Thesis 
Chapter 1 presents the background, motivation for this study, research aim and 
objectives, scope of the research, outline research structure, contribution to the body 
of knowledge and publications, awards and honours from the study. 
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Chapter 2 and 3 reviews works of literature on solder alloy properties, soldering, 
solder joint failure and fatigue, solder joint reliability, creep phenomenon, vibration 
and intermetallic compounds (IMC). The author will also present modelling 
equations, including different test methods, simulations and reliability prediction of 
solder interconnects. 
 
Chapter 4 discusses the materials and methodology used in carrying out the FEA 
simulation. 
 
Chapter 5 outlines the creep behaviour (thermal cycling and isothermal ageing) of 
the ball grid array (BGA) of solder joint interconnects through finite element analysis 
(FEA) using ANSYS R19.0 software. The author will also analyse the methodology, 
simulation, failures criteria and the effect of creep induced fatigue failure on the 
solder joints, including the impact of the stress-strain hysteresis loop. 
 
Chapter 6 addresses BGA solder joints' fatigue behaviours through FEA simulation, 
including fatigue life prediction, failure criterion, and effect of stress-strain hysteresis 
curves on solder joint alloys. 
 
Chapter 7 discusses the vibration analysis of BGA solder joint alloys in electronic 
packages, including describing and comparing experimental results obtained by 
several researchers from high-impact peer-reviewed literature. The author will also 
determine the fatigue lives of the solder alloys, compared and benchmarked.  
 
In conclusion, the author summarises the research work's contribution in Chapter 
8, including the conclusion and future work.  
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Figure 1. 4: Programme of PhD Research Work 
 
1.8 Contribution to Body of Knowledge 
1. This study has determined a set of empirical equations for isothermal ageing 
on solder joint alloys, predicting the deformation, equivalent strain, strain 
energy density and equivalent (Von mises) stress once the operating 
temperature or untried temperature is known. This is helpful for the 
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electronics manufacturing industry, engineers and academic communities 
working in this field. 
2. SAC405 has been shown to possess the lowest area on the hysteresis loop; 
thus, the highest fatigue lives. Impending design changes are evaluated to 
quantify the solder joints expected fatigue life changes, suggesting that creep 
and plastic strain play a critical role in solder joint fatigue failure. The 
selection of SAC405 based on the FEA simulation results shows that they are 
the best solder alloy based on having the highest fatigue life presented in this 
research. 
3. The predicted fatigue life of solders decreases with increasing reference 
temperature. This study provides a new method for determining the preventive 
maintenance time of BGA components in mission-critical systems. It proposes 
developing a new life prediction model based on a combination of the damage 
parameters for improved prediction.   
4. The combined FEA simulations and empirical formulas used in this 
investigation could help in the computation and prediction of solder joint 
alloys' fatigue life when subjected to random vibration. This is important to 
the electronic manufacturing engineers and industry in selecting the best 
solder alloys where random vibration effects are desirable.  
1.9 Publications, Awards and Honours from the Study 
Three conference papers [1 – 3] and three journal papers [5 – 7] have been published 
from the work presented in this thesis. There are other publications by the author 
during this PhD research presented in this thesis. These include two co-authorship 
publications [10, 11], two journal papers under review [8, 9], one book chapter 
publication under review [13], one accepted conference paper [4], two best paper 
awards [14, 15], and two conference session chairs [16, 17]. The highlights of the 
total publications are listed below: 
 
Conferences Papers Published: 
1. Depiver, J.A., Mallik, S., Harmanto, D. and Amalu, E.H., 2019, December. 
Creep damage of BGA solder interconnects subjected to thermal cycling and 
isothermal ageing. In 2019 IEEE 21st Electronics Packaging Technology 
Conference (EPTC) (pp. 143-153). IEEE.  
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DOI: 10.1109/EPTC47984.2019.9026710. 
2. Depiver, J.A., Mallik, S. and Amalu, E.H., 2019. Creep response of various 
solders used in soldering ball grid array (BGA) on printed circuit board 
(PCB).," Lecture Notes in Engineering and Computer Science: Proceedings of 
The World Congress on Engineering and Computer Science 2019, 22-24 
October, San Francisco, USA, pp. 158-166. 
3. Depiver, J.A., Mallik, S. and Amalu, E.H., 2020, September. Comparing and 
Benchmarking Fatigue Behaviours of Various SAC Solders under Thermo-
Mechanical Loading. In 2020 IEEE 8th Electronics System-Integration 
Technology Conference (ESTC) (pp. 1-11). IEEE.  
DOI: 10.1109/ESTC48849.2020.9229699. 
 
Conference paper accepted: 
4. Depiver, J. A., Sabuj Mallik, Amalu. E. H & Harmanto, D., 2021. Creep-
Fatigue Behaviours of Sn-Ag-Cu Solder Joints in Microelectronics 
Applications. Derby, International Conference in Manufacturing Research 
ICMR  
 
Journals Articles Published: 
5. Depiver, J.A., Mallik, S. and Harmanto, D., 2021. Solder joint failures under 
thermo-mechanical loading conditions – A review. Advances in Materials and 
Processing Technologies, 7(1), pp.1-26.  
DOI: 10.1080/2374068X.2020.1751514 
6. Depiver, J.A., Mallik, S. & Amalu, E.H., 2020. Effective Solder for Improved 
Thermo-Mechanical Reliability of Solder Joints in a Ball Grid Array (BGA) 
Soldered on Printed Circuit Board (PCB). Journal of Elec Materi 50, 263–
282. https://doi.org/10.1007/s11664-020-08525-9 
7. Depiver, J.A., Mallik, S. and Amalu, E.H., 2021. Thermal Fatigue Life of Ball 
Grid Array (BGA) Solder Joints Made from Different Alloy 
Compositions. Engineering Failure Analysis, vol. 125, p.105447. 





Journal papers under-review: 
8. Depiver, J. A., Mallik, S., Lu, Y & Amalu, E. H., 2021. Effects of Random 
Vibration on Reliability of BGA Solder Joints. Advances in Materials and 
Processing Technologies (Under-Review). 
9. Depiver, J. A., Mallik, S. & Amalu, E. H., 2021. Advances in Solder Joint 
Failures Analysis under Thermo-Mechanical Loading Conditions. 
Microelectronics Reliability (Under-Review). 
 
Co-author publications: 
10. Ikechukwu, G.A., Depiver, J. and Njoku, J.E., 2018. Application of 
Temperature Distribution on Discretized Element of Dried Ginger Using 
MATLAB PDES for Optimal Preservation. In Proceedings of the World 
Congress on Engineering and Computer Science (Vol. 2). 
11. Ikechukwu, G.A, Mallik, S., Njoku, J.E.E., & Depiver, J., 2020 "Experimental 
Analysis of Thin Layer Drying of Ginger Rhizome in Convective 
Environment", Advances in Science, Technology and Engineering Systems 
Journal, vol. 5, no. 6, pp. 1132-1142. DOI: 10.25046/aj0506137 
 
     Book Chapter Publications: 
12. Gbasouzor A.I., Depiver J., Njoku J.E. (2020) Temperature Distribution and 
Boundary Condition on Heat Transfer from Discretized Element of Dried 
Ginger Rhizome Using MATLAB PDES for Optimal Preservation. In: Ao SI., 
Kim H., Amouzegar M. (eds) Transactions on Engineering Technologies. 
WCECS 2018. Springer, Singapore https://doi.org/10.1007/978-981-15-6848-
0_8. 
13. Depiver, J.A., Mallik, S., and Amalu, E.H., 2020. "Effect of Creep Response of 
Various Solder Joint Alloys used in Soldering Ball Grid Array (BGA) on 
Printed Circuit Board (PCB) subjected to Thermo-mechanical Loading 
Conditions, “Transactions on Engineering Technologies: World Congress on 
Engineering and Computer Science 2020” (Under Review). 
 
Awards and Honours: 
14. Best Student Paper Award of International Conference on Electrical 
Engineering and Applications 2019:  
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Paper Title: Creep Response of Various Solders used in Soldering Ball Grid 
Array (BGA) on Printed Circuit Board (PCB). 
http://www.iaeng.org/WCECS2019/awards.html 
15. Certificate of Merit for International Conference on Systems Engineering and 
Engineering Management 2018 (Co-Authorship): 
Paper Title: Application of Temperature Distribution on Discretized Element 
of Dried Ginger Using MATLAB PDES for Optimal Preservation 
http://www.iaeng.org/WCECS2018/awards.html 
16. Session Chair – International Conference on Intelligent Automation and 
Robotics (ICIAR’19) 
      World Congress on Engineering and Computer Science – October 2019 
International Association of Engineers (IAENG), Sans Francisco, California, 
USA. 
17. Session Chair – International Conference on Electrical Engineering and 
Applications (ICEEA’19) 
      World Congress on Engineering and Computer Science – October 2019 
















LITERATURE REVIEW 1: SOLDERING  
2.1 Introduction 
Solder relates to a collection of metallic alloys which liquefy at moderately low 
temperatures and whose objective is to build a joint between two dissimilar materials. 
The standard alloy system in lead-based soldering is Tin (Sn) and Lead (Pb). he 
researchers can change their relative proportions in a binary alloy to give pure Pb 
melting points (327.5℃), but the most critical ratio is lead-based eutectic Sn63Pb37 
(weight %) which is the eutectic point. This eutectic mixture melts specifically at 
183℃ and is applied generally to connect wires and components in electronic circuits 
and assemblies, manually or by automated processes. The use of lead-based solders 
changed drastically due to environmental reasons. The introduction of the so-called 
Restrictions on Hazardous Substances (RoHS) Directive on 1st July 2006 forced 
electronic manufacturers to adapt with lead-free solder alloys. While the ban of lead 
from electronic products was a significant step towards a greener environment, this 
brought in new challenges, especially with the reliability of lead-free solder alloy 
materials.  
This chapter covers the critical evaluation of research work in the areas of lead-free 
solder alloys and their properties, including the constitutive properties of solder,   
microstructure, intermetallic compounds (IMC) formation and properties. 
2.2 Soldering – A Joining Process 
Soldering is the process of joining different types of metals together by melting 
solder. While it is used in various manufacturing engineering applications, soldering 
is the most widely used joining method in electronics. The distinction between 
soldering and brazing is described by the melting temperature of the filler metal. A 
filler metal with a liquidus temperature below 400°C is referred to as a “solder”. In 
comparison, a filler metal with a liquidus temperature exceeding 400°C is a brazing 
filler metallic compound. Though the difference between the two processes is 
determined exclusively by the melting property of the filler metals, the distinctive 
temperature ranges have many characteristics as well as drawbacks for the 
manufacturing processes that use either method (Vianco & Rejent, 1999; Vianco & 
Feng, 2001). 
 17 
Although high lead solders such as 95Pb-5Sn have a melting point of about 300℃, 
the eutectic tin-lead solder alloy Sn63Pb37 was the most popular material for the 
soldering process. However, one of the significant shortcomings of this solder alloy is 
that it cannot be reliably used for operating temperature higher than 125℃ since its’ 
melting point is about 183℃. This is because joint integrity is directly related to the 
stress concentration set-up at the solder joints. The lead-free solder alloy systems 
offer higher melting points and allow opportunities to explore operating temperatures 
beyond 125℃. Tables 2.1 show solder compositions and their melting point range 
from 143℃− 280℃. It is, however, essential to know that the researchers cannot use 
solder with a high melting point in many manufacturing circumstances because of 
joint integrity, degradation of the electronic components caused by higher temperature 
soldering and high cost (Shen & Chan, 2009). 























*several other compositions close to that quoted also claim to be the eutectic alloy 
2.2.1 Advantages and disadvantages of lead-based and lead-free solders  
There are far more than two types available. Lead-based and lead-free solders 
containing silver have the following advantages and disadvantages, as presented in 
Table 2.2: 
Content removed due to copyright reasons 
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Table 2. 2: Advantages and disadvantages of lead-based eutectic Sn63Pb37 and lead-free 
SnAgCu solder alloys (Nose, 2020; Mediengruppe, 2002) 





• Have a very low melting point 
(183°C). 
• Flowing ability, thus posing less 
of a thermal threat to the 
component. 
 
• They experience high 
homologous temperature during 
service; thus, they undergo time, 
temperature and rate-dependent 
deformation process. 
• Health and environmental 
implications from products 












• Higher melting point, higher 
working temperature like eutectic 
lead-based Sn63Pb37, preferably 
below 200°C 
• Stronger bond, less susceptible to 
mechanical fatigue, more reliable 
joint. 
• High mechanic strength 
(compared with eutectic tin 
solder). 
• Low in electric resistance 
(compared with eutectic tin 
solder). 
• Improved resistance to fatigue 
from thermal cycles. 
• No damage to the environment 
protection, now or in the future. 
• Equal or similar thermal and 
electrical conductivity. 
• Adequate joint strength and 
thermal fatigue resistance 
(reliability). 
• Too much silver (Ag) can form 
inter-metallics (IMC) that cause 
grittiness and the formation of 
pimples on the solder surface. 
• Higher melting point = higher 
fabrication process 
temperatures. 
• More expensive due to silver 
(Ag) content. 
• Higher in material costs 
(compared with eutectic tin 
solder). 
• Operation by using Pb-free tin 
solder may be more difficult 
(compared with eutectic tin 
solder). 
• Higher temperatures mean 
rework can be more difficult 
• Stronger bond = more reliable, 
and more brittle, having a lower 
ductility and higher Young's 
Modulus. 
 19 
• Reworkability as before and 
lowest possible cost and 
compatibility with existing 
processes. 
• Low in specific gravity (compared 
with eutectic tin solder). 
• Its fusing point is relatively 
higher, so the operator could 
damage the electronic parts if 
not cautious enough in soldering 
operation. 
• Its wettability and fluidity are 
not ideal (compared with 
eutectic tin solder). 
• Iron heads are worn out more 
quickly, so it gives rise to the 
operation cost. 
2.3 Solder Alloy Properties  
2.3.1 Lead-free solder alloy composition and properties 
Several issues have dogged lead-free solders’ performance, such as developing tin 
whiskers because of the tin's internal stress (Sn). Various research studies such as 
Cornelius et al. (2017), Zeng et al. (2014) and Plumbridge (2007) investigated tin 
pest, which is a product of β-α allotropic transition at 13.2℃ a pure tin. The brittle, 
crumbling composition is often responsible for the complete disintegration of the 
sample. Development and growth of tin pest involves an incubation period and could 
take several months and years. For example, iSn-3.5Ag, Sn-3.8Cu-0.7Cu (SAC387), 
and Sn-Zn-Bi lead-free alloys are immune from tin (Sn) pest over a period. The 
detectable symptoms of a tin pest in samples subjected to mechanical processing with 
one and two wt.% of Cu addition stored at −18°C acknowledged at the specimen’s 
edges after 17 months of storage (Cornelius et al., 2017; Plumbridge, 2007; Zeng et 
al., 2014). To authenticate lead-free solder alloy's reliability, a prerequisite is to 
develop an improved understanding of its performance and reaction to various 
operating environments (Kamara, 2013). Electronic devices are getting more 
complicated with a high component count. There is an urgent demand to understand 




Electronic packaging industries rely heavily on soldering. With the rapid development 
of the microelectronics manufacturing industry in recent years, the reliability of 
soldering is essential than ever before. Lead-based solder alloys such as eutectic 
Sn63Pb37 have been extensively used in electronic packaging as an interconnection 
material because of their excellent wetting characteristic and low melting 
temperatures on some substrates such as Cu, Ag, Pd, Au and some exceptional 
mechanical properties. Recent legislation has changed the way lead-based solder is 
phased out to lead-free solders. This has become a significant task in the 
microelectronic packaging industry. The use of SnAgCu (SAC) lead-free solder has 
increased substantially (Osório et al., 2013; Wu et al., 2019). The chemical 
composition of SnAgCu (SAC) and Sn-Pb solder alloys wt. % is presented in Table 
2.3 (Zhu et al., 2005). 









There have been many research and development in lead-free solders over the last 
decade since legislation change on 1st July 2006 to discontinue lead-based solder use. 
Several alloys have been in use, but the SnAgCu (SAC) series has widely been 
accepted according to the survey carried out by the European lead-free technology. 
Table 2.4 shows the result of the market survey. The survey shows that the most 
popular SnAgCu is the near eutectic SAC alloys which consist of 3.0 – 4.0% Silver 
(Ag) and 0.5 – 1.0% of Copper (Cu). Tin is the principal constituent of lead-free 
solder because it can form intermetallic compounds (IMC) and low melting point. The 
addition of several elements reduces the melting point of Tin and enhances its 
properties. Solder joint reliability depends on fatigue resistance, mechanical strength, 
CTE, and hardness, influencing the type, microstructure, and IMC morphology. The 
work carried out by Sona and Prabhu (2013), Sun et al. (2016), and  Zhao et al. (2016) 
reviewed the microstructural phases commonly used lead-free xSn–yAg–zCu solders. 
Comprehensive knowledge of the mechanisms that define the formation and growth 
of interfacial IMCs are crucial for developing solder joints with high reliability. The 
Content removed due to copyright reasons 
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researchers examined the evolution of microstructural phases for lead-free xSn–yAg–
zCu solders, and factors such as substrate, minor alloying, mechanical and thermo-
mechanical strains influence the microstructure. A thorough understanding of the 
mechanisms that determine the formation and growth of interfacial IMC is essential 
for developing solder joints with high reliability (Sona & Prabhu, 2013; Sun et al., 
2016; Zhao et al., 2016). 
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Several researchers (Pereira et al., 2013; Dias et al., 2015; Lu et al., 2014) have 
studied the effects of Silver (Ag) content on the mechanical and microstructure 
properties of solder joints. The origination of tertiary branches inside the dendritic 
arrangement and the IMC’s specific morphologies related to the solidification cooling 
rate were also evaluated for the Sn–0.7wt%Cu–2.0wt%Ag and Sn–0.7wt%Cu–
1.0wt%Ag alloys. It establishes the interrelations of thermal solidification parameters, 
microstructure and mechanical properties of Tin-Antimony (Sn–Sb) alloys 
(2.0wt.%Sb and 5.5wt.%Sb) models which were directionally hardened under cooling 
rates, comparable to those of reflow processes in industrialised practice. The work by 
(El-Daly et al., 2009) reports on the thermal, structure, and tensile creep properties of 
Sn–5wt.%Sb, Sn–5wt.%Sb–3.5wt.%Ag, and Sn–5wt.%Sb–1.5wt.%Au lead-free 
solder alloys. The study indicates that Sn–5Sb alloy’s microstructure is characterised 
by the occurrence of cubed IMC of SbSn particles. Care has been paid to the function 
of IMC on creep behaviour. The researchers performed the tensile creep tests within 
the temperature range 25℃ − 130℃ at regularly applied stresses. Stress exponent (n) 
and activation energy (Q) were defined to explain the deformation mechanism and 
showed that the solder alloy Sn–5Sb–1.5Au could give an appropriate combination of 
higher rupture time and creep resistance, higher fusion heat and lower melting 
temperature in comparison with the other two alloys.  
 
With the fast development of the electronic industry, including the promotion of 
“Green Manufacturing”, Sn–Ag–Cu solder with high silver content, such as Sn–
3.9Ag–0.6Cu (SAC396) (the US approved), and Sn–3.8Ag–0.7Cu (SAC387) (EU 
recommended) have developed into one of the manufacturing benchmarks for lead-
free solder alloys as a result of their excellent soldering performance, superior 
thermal, and mechanical fatigue properties and low melting temperature (Chuang et 
al., 2012; Sun et al., 2015; Zhang et al., 2012). The researchers found that: 
• Interface reaction mechanism experienced thermal cycling and isothermal 
ageing. 
• The researchers also examined the growth kinetics, which forms intermetallic 
compounds (IMCs) in both systems under unique ageing environments. 
• They discovered that the morphology of IMCs formed at the solder/Cu 
interfaces was progressively different from “scallop-like to planar-like”. 
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• They also uncovered that uncommon earth Cerium (Ce) could refine the 
microstructures and reduce the intermetallic compound's thickness (IMC) 
layer. 
However, the high silver (Ag) content in solder causes a relatively high cost and 
makes brittle Ag3Sn  IMC. This degrades the drop impact reliability and thermal 
fatigue property of solder joint (El-Daly et al., 2014; Hammad, 2013). In SAC alloys, 
the formation of IMCs between the primary elements Sn, Ag, and Cu affects alloys' 
properties. Three possible IMCs were discovered to be formed. The reaction between 
Sn and Ag forms Ag3Sn, and Cu6Sn5 is formed as a result of Cu and Sn reactions. A 
high Copper (Cu) content is enough for the formation of Cu3Sn at high temperature. It 
has been found that IMC possesses much stronger strength than bulk materials. The 
IMC improves the fatigue life of solders as findings show that SAC alloys are 
reported to have 3 – 4 times better fatigue resistance than SnPb eutectic solders (Ooi 
et al., 2015; Su & Ouyang, 2014). 
2.3.2 Mechanical Properties of a Lead-free Solder alloys 
Zhu et al. (2005) investigated the tensile property of Sn96.5Ag3.0Cu0.5 (SAC305). 
They concluded that the lead-free solder’s tensile strength decreases with increasing 
test temperature from 25℃ to 150℃ an incremental temperature of 25℃. The failure 
mechanism varies because of the solder joint exposure to different operating 
temperatures, strain rate, stress, creep, and loading conditions. In addition to electric 
conductivity, solder joints also deliver mechanical support for electronic devices. The 
mechanical properties of solder alloys are therefore critically important in producing 
reliable products. While exploring the mechanical properties of solders, the author 
also investigates the fatigue life under random vibration, i.e. under dynamic 
conditions. 
The works carried out by researchers on lead-free solder alloy materials has shown 
that ageing is harmful to their failure behaviours. It also demonstrates that the effects 
of ageing on solder behaviour must be better understood so that the authors can 
establish additional precise viscoplastic constitutive equations for SnPb and SAC 
solders (Pan et al., 2015; Yao et al., 2017). In more specific research studies, 
enormous degradations have been detected in ball shear strength (for BGA) and lead-
free assembly chip resistor (Berthou et al., 2009), high strain rate mechanical 
properties (Lall et al., 2013), uniaxial cyclic stress strain curves and fatigue life 
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(Mohammad Hasnine et al., 2013; Mustafa et al., 2013, 2014), shear cyclic stress 
strain curves and fatigue life (Motalab et al., 2016; Mustafa et al., 2012), elastic 
modulus (Hasegawa, 2002), drop reliability for lead-free BGA packages (Chiu et al., 
2004), fracture behaviour (Ding et al., 2004), microstructure (Berthou et al., 2009; 
Hammad, 2013), creep behaviour (Amalu & Ekere, 2016; Zhang et al., 2009; Zhang 
et al., 2010), and thermal cycling reliability (Hai et al., 2015; Motalab et al., 2013; 
Zhang et al., 2013).  
 
To improve the wettability, shock/drop reliability, creep properties, melting 
temperature and microstructure, the addition of dopants such as Mg, Ni, Bi, In, Mn, 
Zn, La, Ce, Ti, and Co to lead-free SAC alloys improves their properties (Cai et al., 
2010; Chowdhury et al., 2016; Lall et al., 2017). For example, Bismuth (Bi) addition 
reduces temperature solidification, increases in strength by precipitation hardening, 
and decreases in IMC layer thickness in lead-free solder materials (Chen et al., 2015; 
Huang & Wang, 2005). Reliable lead-free solders are required for products exposed 
to severe environments such as those used in the automotive, oil-exploration and 
avionics industries, and military applications. In the study by Chowdhury et al. 
(2016), stress-strain curves have been measured for various doped Sn-Ag-Cu (SAC) 
solder materials at elevated temperatures up to 200°C, and their performances have 
been associated with those for standard SAC alloys. The doped lead-free solder 
materials are designated to as SAC_R(EcolloyTM), SAC_Q (CYCLOMAX), and 
Innolot by their suppliers. SAC_R and SAC_Q are formed with Sn, Ag, Cu, and Bi 
(SAC+Bi), while Innolot comprises an engineered compound of six elements. The 
composition of SAC_R is comparable to that of SAC105, besides having 2.46% of 
bismuth (Bi) alternatively to silver (Ag). This is most apparently the reason that the 
former alloy is a lower cost (economically) alloy material for a solder joint. The 
author compared the effects of the doped solders to standard SAC105 and SAC405 
lead-free alloys. The mechanical properties of SAC_R were discovered to surpass 
those for SAC105 at all temperatures, even though SAC_R does not include any 
Silver (Ag).  
Additionally, the authors observed the mechanical properties of SAC_Q and Innolot 
to equal or exceed those of SAC405 at all temperatures. The newest alloys exhibit 
great promise for use in severe environments or conditions. The author conducted the 
uniaxial tensile testing on the three doped alloys at temperatures of 
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25, 50, 75, 100, 125, 150, 175, and 200℃ , and a strain rate of 0.01/s . For the 
SAC_Q alloy, the researcher also conducted  testing at strain rates of 0.0001/𝑠, and 
0.001/s, the author calculated the Anand constitutive parameters (Chowdhury et al., 
2016; Pang et al., 2003). According to several studies, there are various causes for the 
shortage of reliability data. Firstly, there is a significant disparity in basic electronic 
packages, leading to large experimental designs, package variables incorporating the 
ball count, pitch, substrate material, package size, die size, and mould compound. 
Secondly, it is challenging to get some accurately defined mechanical properties of 
bulk solder, especially as a function of the prolonged period over high temperatures. 
Thirdly, due to the multifaceted interplay of material properties in real solder joints, 
the influence of different environmental stresses on the microstructure and thermo-
mechanical reliability demands labour and equipment – great experiments over 
months of years. Different industry experts and user groups have recommended 
several SAC alloys. These comprises of 95.5Sn-3.9Ag-0.6Cu (SAC396), 96.5Sn-
3.0Ag-0.5Cu (SAC305), 95.5Sn-4.0Ag-0.5Cu (SAC405) and 95.5Sn-3.8Ag-0.7Cu 
(SAC387). For improved reliability throughout high strain rate exposures such as 
shock and drop, several alloys with smaller silver (Ag) content have been suggested, 
such as 99Sn-0.3Ag-0.7Cu (SAC0307) and 98.5Sn-1.0Ag-0.5Cu (SAC105) 
(Kanchanomai et al., 2002; Zhang et al., 2008a). 
 
One of the significant advantages of the various SAC alloys is their comparatively 
lower melting temperatures, which contrast with the 96.5Sn-3.5Ag binary eutectic 
alloy with excellent solderability and mechanical properties in comparison to other 
lead-free solders. One difficulty for solders in severe thermal environments is 
associated with their high homologous temperature, characterised as the ratio of 
service to melting temperature (T Tm⁄ ). In electronics applications, where circuits 
typically operate over a –55°C to +125°C range, lead-based eutectic Sn63Pb37 solder 
works at 0.48Tm to 0.87Tm. The reference covers solder alloys with a melting point 
from 50℃ to about 400℃. The test results in Sawamura & Igarashi (2005) research 
stressed the distinction between various Sn/Ag/Cu solder compositions. The 
mechanical properties of the test result are presented in Table 2.5. The test aimed to 
establish the variation in reliability and performance amongst the various SAC solder 
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alloys and determine which solder alloy will be ideal for different applications, 
particularly under severe environmental conditions. The evaluation features are: 
• Thermal conductivity/Specific gravity. 
• Specific heat. 
• Coefficient of thermal expansion(C.T.E)/thermal expansion ratio. 
• Tensile strength/elongation/yield point. 
• Young's modulus/Poisson's ratio. 
It is important to note that the number of samples (n) tested by Sawamura & Igarashi 
(2005) is three for each solder alloy for tests (lead-based eutectic Sn63Pb37 and lead-
free SAC396, SAC357, SAC305). 



















The three SnAgCu (SAC) solder joint alloys perform comparably with only an 
inconsequential variation level, and there appears to be no change between the various 
alloy's mechanical properties. The mechanical properties and their relationships with 
SAC and Sn63Pb37 solder alloys are presented in Table 2.6.  
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The investigators detected no substantial variance amongst the three SAC solder 
alloys for mechanical properties, metallic structure or joint strength after 3000 
thermal cycles (the author observed cracks on the solder joint alloy, but an impact on 
joint "Shear" strength was negligible, and the solder alloys showed similar structure 
changes, and higher Silver (Ag) content material (SAC396) will assist in lowering the 
incidence of the whitening event. It will reduce the hot-tear on the solder surface. For 
alloy choice, lower Silver (Ag) content material will have the lowest price (SAC305), 
and higher Ag content material will help in the reduction of the whitening 
phenomenon occurrence (SAC396). 
2.3.2.1 Tensile Properties (Stress-Strain Behaviour) 
The stress-strain curves usually define the tensile properties. Possibly the standard 
fundamental test of mechanical material’s response is the tensile test.  The 
engineering methods of stress and strain denoted by 𝜎𝑒 and 𝜖𝑒 are determined from 
the calculation of load and deformation using specimen original cross-sectional area 











                                                                                               Equation 2.2                                       
where the final gauge length is 𝐿𝑓 and 𝐿𝑂 is the initial gauge length: A linear path 
associated with the elastic region with the strain conforms to the Hooke’s law as: 
𝝈𝒆 = 𝑬𝝐𝒆                                                                                                             Equation 2. 3                                     
where E represents the elastic modulus (Young’s modulus).  
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2.4 Constitutive Properties of Solder 
2.4.1 Elastic Behaviour of Solders 
For an extended period, the solders' constitutive modelling has concentrated efforts on 
the elastic and creep properties. Indeed, the creep model defines the behaviour of 
solder joints under thermal cycling quite accurately. Nonetheless, in applications such 
as automotive products or handheld electronic devices, the actual mechanical impact 
like shock, twisting and bending may matter more than sole thermo-mechanical 
fatigue. Elastic strain is rate-independent recoverable deformation. Bearing in mind 
that only uniaxial components, the relationship between applied stress and strain are 




                                                                                                         Equation 2. 4 
where 𝐸  is the Young’s modulus and 𝜎  is the applied force: The shear modulus 




                                                                                                               Equation 2. 5 
where G is the Shear modulus, 𝑣 is the Poisson's ratio which is the ratio of lateral and 
longitudinal strains and 𝐸  is the Young’s modulus. Wiese & Rzepka (2004) 
investigated the time-independent elastic-plastic behaviour of solder materials. They 
investigated lead-based eutectic Sn63Pb37, SnAg3.5 and SnAg4.0Cu0.5 (SAC405) 
on flip-chip solder joint. As a standard application, a three-point bending experiment 
was simulated by FEM application with different constitutive models for the solder 
material. By comparing the outcomes, it turns out that all the three contributions, i.e., 
time-independent plastic material behaviour, the creep and the elastic, are necessitated 
in the model. Therefore, it would be unfinished and consequently inadequate for 
supporting the present-day design of microelectronics packages for the most common 
load cases (Wiese & Rzepka, 2004). Some researchers such as Lee & Huang (2016), 
Kim et al. (2002, 2003), Ali & Bilal (2014),  Kashyap & Murty (1981) and Desai et 
al. (1998) reported that the reasons for different elastic modulus in solder alloys from 
several manufacturers could be because of the cooling rate, which controls the grain 
size and microstructure of a solder alloy, considering that the moduli of lead, tin and 
various IMCs change significantly. The agreement of the actual solder section in 
contact with the substrate is an additional reason. 
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The presence of voids in lead-based eutectic Sn63Pb37 ball grid array (BGA) 
packages was examined by Basaran & Jiang (2002). They corroborate that it will lead 
to miscalculation of the anticipated contact area and, consequently, underestimating 
Young's modulus. They confirmed that Young's modulus (E) values issued in the 
literature for the lead-based eutectic Sn63Pb37 and near eutectic Pb40/Sn60 solder 
alloy differ considerably. The researchers studied different procedures utilised in 
obtaining the elastic modulus, experimentally by ultrasonic testing and Nano-
indentation and methodically, by single-crystal elasticity by comparing the techniques 
and proposing a method for elastic modulus determination (Basaran & Jiang, 2002). 
The author compared three specimens from different semiconductor companies, and 
they discovered that the samples with voids had one third the apparent elastic 
modulus of void-free specimens  (E(void−free) = 38.64 GPa and E(void) =
11.79 GPa). They also stated that it is very challenging to manufacture void-free 
solder joints in microelectronic packaging. Because elastic deformation is a time-
independent process, the shear modulus should not alter the strain rate (Bonnaud, 
2011; Gomez & Basaran, 2006; Mukai et al., 1994; Sefton et al., 2009). Gomez & 
Basaran (2006) measured the constitutive properties of lead-based eutectic Sn63Pb37 
solder in a ball grid array package (BGA) at a range of strain rates and temperature. 
They defined the shear modulus by Eq. (2.6) with temperature T (K). 
𝐆 (𝐆𝐏𝐚) = 𝟏𝟗. 𝟒𝟒 − 𝟎. 𝟎𝟑𝟗𝐓 (𝐊)                                                                            Equation 2. 6 
Fig. 2.1 (a), (b) and (c) summaries the most relevant results from the research by 
Gomez & Basaran (2006). The results predicted by the numerical simulations agree 
well with the test results for a wide range of temperatures and strain rates. 
Zhang et al. (2003) investigated the viscoplastic constitutive properties and energy-
partitioning model of lead-free Sn3.9Ag0.6Cu (SAC396) alloy and compared it with 
baseline data from eutectic Sn63Pb37 solder. The Young's modulus, E for two studied 
alloys, is determined from the monotonic tests' unloading slopes and the first 
reversing slopes of the cyclic tests. The following relationships describe the 
temperature-dependent Young's modulus of lead-based Sn63Pb37 and lead-free 
SAC396 solder alloys (Zhang et al., 2003a). 
Sn63Pb37:                𝐄(𝐆𝐏𝐚) = 𝟏𝟖. 𝟗 − 𝟎. 𝟎𝟒𝟒𝟐𝐓 (𝐊)                                      Equation 2. 7 
























Figure 2. 1: (a) Comparison of simulations and experimental results from uniaxial tension test at 
different temperatures (b) Comparison of simulations and experimental results from uniaxial 
tension test at room temperature and different strain rates (c) Comparison of simulations and 
experimental results from cycling shear at room temperature and different inelastic strain range 
(Gomez & Basaran, 2006) 
The investigators recognise that the modulus of SAC396 is more negligible 
temperature dependence than that of lead-based eutectic Sn63Pb37. A similar result 
was obtained by Zhang, Haswell & Dasgupta (2003, 2005), who studied the 
constitutive properties of SAC396 lead-free solder alloy and analysed with the 
baseline data from lead-based eutectic Sn63Pb37 solder alloy. The researchers 
conducted load-controlled, monotonic, and displacement-controlled tests over 
multiple temperatures, strain rates, and stresses by utilising the thermo-mechanical-
microstructural (TMM) test system. The authors reported that the lead-free solder 
alloy shows creep strain rates that originate from one to five orders of magnitude 
lower than the eutectic lead-based SnPb alloy, depending on the stress level 
homologous temperature. They calculated the shear modulus from the unloading 
slopes of monotonic tests as (Haswell et al., 1998; Haswell & Dasgupta, 2001b, 
2001a; Zhang et al., 2003b, 2005): 
Sn63Pb37:                   𝐆(𝐌𝐏𝐚) = 𝟓𝟕𝟖𝟗 − 𝟕.𝟐𝟔𝐓 (𝐊)                                     Equation 2. 9 
Sn-3.9Ag-0.6Cu:         𝐆(𝐌𝐏𝐚) = 𝟑𝟒𝟎𝟎 − 𝟒.𝟎𝟑𝟔𝐓 (𝐊)                                   Equation 2. 10 
Mukai et al. (1994) and Ghaleeh (2015) investigated the fatigue life estimation of 
solder joint alloys in SMT-PGA packages. They examined the constitutive model for 
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lead-based eutectic Sn63Pb37 solder alloy due to the material tests' results. They also 
discovered that the solder alloy's behaviour could be represented by the elastic-creep 
constitutive equations when the strain rate was low. The author began the elastic-
creep stress examination for the solder joint alloys of a surface mount technology pin 
grid array (SMT-PGA) package. The failure predicted by the analytical outcomes 
agreed with those of the thermal cycle tests (TCT). It further showed that the fatigue 
life evaluation of solder joint alloys based on the general approach is pleasing for 
manufacturing purposes (Ghaleeh, 2015; Mukai et al., 1994). 
2.4.2 Plastic Behaviour of Solders 
While the author could predict the elastic properties of solder alloys to remain 
constant with base alloy, the yield stress is not the case. Wiese et al. (2002) 
investigated the time-independent plastic behaviour of solder alloys and its influence 
on FEA simulations for electronic devices. A three-point bending analysis was 
simulated by FEA employing several constitutive models for the solder alloy. All 
three parameters: the time-independent plastic, the elastic, and the creep data, are 
needed in the FEA model (Wiese et al., 2002). Several researchers such as Poh et al. 
(2008), Bhate et al. (2006) and Pang & Xiong (2005) reported the primary reason for 
the observed variations in strain rate in SAC105, SAC205, SAC305, SAC105Ni0.02, 
95.5Sn–3.8Ag–0.7Cu (SAC387) and SAC105Ni0.05 as promising alternatives of 
SnPb solder (Vianco et al., 2003). The influence of the joint size on low cycle fatigue 
(LCF) characteristic of Sn-Ag-Cu (Kariya et al., 2010), the cooling rate of solder joint 
specially designed Sn-Ag-0.6Cu samples fabricated to analyse the yield stress of the 
dendritic microstructure against that of the equiaxed microstructure that occurs in this 
alloy including alloy composition on three typical Sn–Ag–Cu alloys, Sn–3.0wt.%Ag–
0.5wt.%Cu (SAC305), Sn–3.5wt.%Ag–0.7wt.%Cu (SAC357) and Sn–3.9wt.%Ag–
0.6wt.%Cu (SAC396) are prepared under three different cooling conditions (Ali & 
Bilal, 2014; Kim et al., 2002). Zhang et al. (2004) investigated partitioned 
viscoplastic-constitutive properties of the Pb-free Sn3.9Ag0.6Cu (SAC396) solder 
and compared lead-based eutectic Sn63Pb37 solder. The comparison between the two 
solders demonstrates that SAC396 has much better creep resistance than lead-based 
eutectic Sn63Pb37 at low and medium stresses. The author uses the results obtained, 
partitioned viscoplastic-constitutive properties of the lead-free SAC396 alloy in 
commercial finite-element model software. The raw test data and the test control 
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parameters are expressed as displacement 𝛿𝑠, and load, P. The parameters are changed 




                                                                                                                 Equation 2. 11 
where  
𝜹𝒔 = 𝜹 −
𝑷
𝑲




                                                                                                                  Equation 2. 13 
where 𝛾 and 𝜏 are shear strain and stress, respectively; ℎ and 𝐴 are the solder joint 
height and cross-sectional area, respectively; and 𝛿𝑠 is the modified displacement. A 
power law equation typically defines the rate-independent plastic strain as:  
𝜸𝒑𝒍 = 𝑪𝒑𝒍𝝉
𝒏                                                                                                        Equation 2. 14 
where 𝜏  is the shear stress, 𝛾𝑝𝑙  is the shear plastic strain and 𝐶𝑝𝑙  and 𝑛  are 
temperature-dependent constants. The author measured the plastic properties of lead-
based eutectic Sn63Pb37 and lead-free SAC396 solders at 25°C, 75°C, and 125°C by 
Zhang et al.  (2003, 2004) and their stress-strain plots are shown in Fig. 2.2 (Zhang et 










Figure 2. 2: Plastic shear strain-stress curves for Sn63Pb37 and Sn3.9Ag0.6Cu solders (Zhang et 
al., 2004) 
It is observed that lead-free SAC396 solder has more considerable plastic strain at the 
same stress for all three temperatures than lead-based eutectic Sn63Pb37 solders. 
Some simulations of monotonic tests for Sn63Pb37 and SAC396 are presented in Fig. 
2.3, respectively. Within the range of the measured data, there is good agreement with 
the simulations results. 
 
 











Figure 2. 3: Comparison of model simulation to monotonic test data for Sn63Pb37 solder and 
Comparison of model simulation to monotonic test data for SAC396 solder (Zhang et al., 2004) 










) 𝒕 + 𝜸𝒑𝒆𝒓−𝒔𝒂𝒕 (𝟏 − 𝒆𝒙𝒑(𝑨𝒑𝒆𝒓𝒕 + 𝑩𝒑𝒆𝒓))     Equation 2. 15                                                                                    
where γtot  is total shear strain, R  is the universal gas constant (=
8.31451J mol−1K−1), T is the absolute temperature in K, Q is the activation energy 
in J/mol, A  and A′  are constants, α  is the stress level at which the power-law 
dependence breaks down, γper−sat  is the saturated transient creep strain, Aper  and 
Bper  are dependent on steady-state creep rate and temperature and Cpl  and n  are 
temperature-dependent constants. 
2.5 Intermetallic compounds (IMC) 
Intermetallic compounds (IMCs) are stoichiometric combinations of two or more 
metallic atoms where the metals' atomic fractions are usually fixed (for example, 
Cu3Sn). The author compare this with robust solutions where the tiny fractions can 
occasionally vary as generally as 0 – 100%. Metals and alloys display metallic 
bonding between the atoms. However, IMC shows a more covalent characteristic. 
This is why IMC manages to be much more challenging and have many developed 
elastic moduli than any of their relevant metallic elements (from the earlier example, 
Cu or Sn) (Hare, 2013). Bernasko et al. (2015) study the effect of IMC layer thickness 
on the shear strength of the surface-mount component 1206 chip resistor solder joints. 
The researchers evaluate the IMC thickness and shear strength of 1206 chip resistor 
solder joint alloys; the investigator conventionally reflowed the test vehicle for 8 mins 
at a maximum temperature of 240°C at a different thermal ageing time of 100, 200 
and 300 hours. A cross-sectional study was conducted on the reflowed and aged 1206 
chip resistor solder joint alloys. The shear strength of the solder joints aged at 100, 
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200 and 300 hours was measured with the application of a shear tester (Dage-
4000PXY bond tester) and found that the growth of IMC layer thickness grows as the 
ageing time rises at a fixed temperature of 175°C, which happened in a decrease of 
solder joint alloy durability as a result of its brittle characteristics. The author further 
recognised that the shear strength of the reflowed 1206 chip resistor solder joint was 
more notable than the old joints. Moreover, the investigators stated that the ageing 
caused the shear strength of the 1206 resistor solder alloys aged at 100-, 200- and 
300-hours reaction times. The result additionally shows that an increase in ageing 
time and the temperature do not influence the development and growth of Kirkendall 
voids (Bernasko et al., 2015). 
 
The impacts of the IMC microstructure on the tensile behaviour of SAC305/Cu solder 
joint alloy under different strain rates were studied by An & Qin (2014). The outcome 
shows a negative relationship between the IMC thickness, tensile strength and a 
positive relationship between the IMC roughness and the solder joint alloy's tensile 
strength. Their investigation further established that the thickness of the IMC layer 
and the solder/IMC interface's roughness influence the failure mode of solder joint 
alloys. With the reduction of the roughness and an increment of the IMC thickness, 
the failure mode progresses from the ductile fracture in the bulk solder alloy to the 
brittle fracture in the IMC layer (An & Qin, 2014). Alam et al. (2009) suggested that 
the increase of IMC and the CTE mismatch of the bonded structural materials to 
solder joint integrity is nontrivial (Alam et al., 2009a), whilst Laurila et al. (2005), 
Amalu and Ekere (2012) and Alam et al. (2004) reported on the brittle nature of IMC 
and its’ impact on the reliability of solder joint in chip-level devices (Alam et al., 
2004; Amalu & Ekere, 2012b; Laurila et al., 2005).  
2.5.1 Development of IMC Layers 
The interfacial IMC is a vital factor for solder joint reliability assessment, and a 
suitable IMC layer size guarantees the quality of solder joints. As the growth of 
microelectronics and surface mounted technology (SMT) progresses, more research 
investigators focus on lead-free solders. The study of IMC layers growth behaviour is 
very significant because the growth behaviour of IMC layers at the interface between 
solder and substrates directly affects the reliability of solder joints. Additional 
essential data of IMC layers growth are required to know the interfacial reactions. The 
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section morphology of IMC layers in soldering is shown in Fig. 2.4 (Cheng et al., 
2001). Laurila et al. (2005) investigated the interfacial reactions between lead-free 
solders and common base materials. Sn and Cu's response was studied, incorporating 
liquid Sn and Cu's reaction and the IMC layers growth kinetics. Their research added 
several elements to the Cu substrates and found no difference in suppressing IMC 










Figure 2. 4: The section morphology of IMC layers in soldering (a) Sn/Cu soldering for 10 s (b) 
Sn/Cu for 300s (c) Sn3Ag/Cu for 10 s (d) Sn-3Ag/Cu for 300 s (Cheng et al., 2001) 
Choi et al. (1999) examined the characterisation of intermetallic interfacial layers of 
Sn-Ag and Sn-Pb eutectic and their composite solders on Cu substrate during long-
term isothermal ageing. In their work, they discovered that eutectic Sn-Pb and Sn-Ag 
solder alloy phases show extensive coarsening, and the intermetallic layers also grew 
significantly. The Cu6Sn5 particle was influential in a decrease of layer growth in Sn-
Pb and Sn-Ag composite solder joint alloys for low-temperature ageing. However, 
above 150℃, the Cu6Sn5  particle’s vital coarsening to cause the enhanced 
intermetallic layer growth (Choi et al., 1999). 
Ma et al. (2017) studied the effect of reflow temperature on IMC growth in Sn/Cu and 
Sn0.7Cu/Cu solder bumps during multiple reflows. They use the experimental 
instrument of SEM and HP methods. Their report concluded that for both Sn and 
Sn0.7Cu solders, the value of time exponent, n from y = ktn increases with time; but 
the value of time exponent n in Sn is slightly higher than in Sn0.7Cu and that the 
grains in Sn0.7Cu are more refined than in Sn, which will generate a larger ratio of 
boundary area to the total area at solder/substrate interface. This may why the smaller 
time exponent value in Sn0.7Cu solder (Ma et al., 2017). 
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2.5.2 Mechanical Properties of IMC Layers 
IMC that grows on the interface between the solder alloy and its bonding pads play an 
essential role in the reliability of solder joints. It has been documented that the 
cracking around the IMC layer is the primary failure mode in lead-free solder joints. 
Consequently, the mechanical behaviour of IMC has attracted considerable attention. 
The electronic assemblies (solder joint alloys embedded) for deep-space exploration 
are subjected to extreme hot and cold temperatures. Results show that the tensile 
strength of the solder alloys increased and reached its maximum value at 123K and 
decreased with reducing the temperature.  
 
Meanwhile, the solder alloys show a shift in their fracture mechanism from dimple-
ductile fracture to brittle fracture in a mixed model, which was joined by intergranular 
and transgranular (Hang, et al., 2017). Solder joints connect electronic components 
onto printed circuit boards (PCB) electrically and mechanically. Tian et al. (2017) 
investigated the microstructure evolution, mechanical property and fracture behaviour 
of ball grid array (BGA) solder joints under extreme temperature environment from -
96°C to 150°C. The author used two different categories of solders, lead-based 
eutectic Sn63Pb37 and lead-free Sn-3.0Ag-0.5Cu (SAC305). A continuous Cu6Sn5 
IMC compound layer was produced at the interfaces between both the lead-based 
eutectic Sn63Pb37 and lead-free SAC305 solders and the substrate during reflow. 
After a thermal shock, Cu3Sn was built between Cu6Sn5 Layer and Cu pad.  
Nonetheless, long soldering time and a high temperature of the melted solder may 
result in a further thin layer of the Cu3Sn  (ε-phase) at the Cu/Cu6Sn5  interface. 
Thermo-mechanical fatigue may cause an added growth of the IMC layer, stimulate 
internal stresses, and result in the joint's degradation. Consequently, it is of great 
significance to control the IMC layer's development (Harcuba et al., 2009). 
 
With the rising amount of extreme temperature thermal shock cycles, the shear forces 
of lead-based eutectic Sn63Pb37 and lead-free SAC305 solder joints both are 
reduced. The fracture mode of SAC305 solder joints changed from ductile fracture to 
mixed fracture of ductile fracture and interfacial fracture, whilst the fracture mode of 
lead-based eutectic Sn63Pb37 solder joints changed from ductile fracture to a brittle 
fracture with partial ductile fracture, as a result of the thickening of IMC layer (Hang, 
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et al., 2017). Zhong et al. (2010) reviewed the mechanical properties of two 
intermetallic properties (Cu6Sn5 and Cu3Sn), and the two main types of IMC in lead-
free solder with Cu pad metallisation. The measurements on hardness and Young's 
modulus of Cu6Sn5  and Cu3Sn  and indicates a great diversity among different 
researchers' work. While the strength of IMC shows variety, several general trends 
develop. The shear and tensile strength of the IMC decreases with the increase of the 
interfacial IMC layer thickness (Zhong et al., 2010) 
 
IMC's brittle property caused the strong stress concentration effect during the thermal 
cycles (Amalu & Ekere, 2012b; Jen et al., 2011) and mechanical impacts (Alam et al., 
2009a, 2009b; Aluru et al., 2011; Tian et al., 2011). The authors discovered cracks to 
initiate and propagate near the IMC layers. Therefore, IMC's presence has 
significantly affected the solder joints reliability and many studies were established on 
it, such as research by (Jen et al., 2011; Liu et al., 2008; Yao et al., 2010). Ooi et al. 
(2017) examined IMC's fracture behaviour of solder joint alloys based on the FEA 
simulation effect. They discussed the error correction of the FE model. The impact of 
Young's modulus, crack length, IMC layer thickness, and solder joint thickness on the 
fracture behaviour of solder joint was conducted with the linear elastic fracture 
mechanics (LEFM) method to measure the stress intensity factor. The simulation 
analysis identified FE model geometry confirmed with a suitable analytical model 
employed for a varying array of crack length to determine the solder joint's IMC 
layer's fracture behaviour. The outcome demonstrates that the material toughness 
against the stress magnitude reduces as the crack size and internal flaw grow. 
Conclusively, even though the IMC thickness has an outside influence on the stress 
magnitude intensity factor, the IMC layer's growth develops Young's modulus of the 
solder joint and induce the material to become brittle and crack more readily (Ooi et 
al., 2017). The investigators corroborated the FE model with Brown and Crawley 
analytical equation for small crack length studies. The Von Mises stress distribution 
for a crack tip with Young's modulus 43 GPa and 110 GPa respectively under a shear 














Figure 2. 5: The FE model validated with Brown & Srawley analytical equation for small crack 














Figure 2. 6: Von Mosses stress distribution for crack tip Young’s modulus 43 GPA and 110 GPA 
respectively under shear stress of 12 MPa and crack length of 0.05 mm (Ooi et al., 2017) 
2.6 Summary 
In this chapter, several researchers have worked on solder joints exploring soldering, 
including the benefits and limitations of eutectic SnPb and SAC solder alloys. Still, 
none has developed novel empirical equations that would help the electronics 
engineering industry, engineer, and academic society determine which solder alloys 
are best based on the miniaturisation of the solder joints in electronic packages and 
parameters stress, strain, strain energy density etc. The author also reviewed the 
solder alloy properties, such as the tensile properties, which indicate how the solder 
alloy materials will react to forces being applied in tension. Furthermore, the author 
examined the constitutive properties such as elastic and plastic behaviours of solders. 
Lastly, the author critically reviewed the impacts of intermetallic compounds (IMC), 
such as the IMC layer's growth and interfacial IMC layers' mechanical properties. 
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TLITERATURE REVIEW 2: THERMOMECHANICAL 
STUDY 
3.1 Introduction 
In modern society, electronics are predominant in practically all life facets, involving 
business, entertainment, and technical innovation. The acceptance of electronics has 
been rapid, and it is still developing. Items such as smartphones, digital cameras, and 
laptops are not irreplaceable anymore; therefore, their reliability is a pivotal and 
critical issue for market achievement when relating products of comparable 
functionality. Consequently, reliability development is an essential objective for all 
electronic packaging studies. Most electronics relates to the environments in which 
they are required to function and operates. Most of these commercial electronics 
operates under comparatively mild environments. More severe working conditions are 
used for military applications, necessitating extended life cycles through a wide range 
of conditions such as tundra, arid desert and humid jungles. The maximum operating 
temperature used to classify electronics is presented in Table 3.1 (Anandan & 
Ramalingam, 2008; Garimella et al., 2008; Ohadi & Qi, 2004). 
Table 3. 1: Classification of Electronics Operating Environment (Ohadi & Qi, 2004) 
Use condition Temperature excursion (℃) 
Consumer electronics 0 to 60 
Commercial aircraft -55 to 95 
Military aircraft -55 to 125 
Automotive passenger -55 to 65 
Automotive-under the hood -55 to 160 
 
This chapter covers the evaluation of previously concluded research work in thermo-
mechanical reliability of the solder joint, creep mechanism, creep model, creep curve 
and stages, creep deformation, and time-independent plasticity. The author also 
explored viscoplasticity and viscoelasticity, including mathematical modelling, the 
effect of strain and temperature on solder joints, solder joint fatigue failure, including 
the modelling and life prediction, isothermal fatigue. The author also reviewed the 
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combined effects of creep and fatigue, vibration, experimental methods of solder joint 
fatigue, and fatigue life prediction methods using FEA simulation output parameters. 
3.2 Creep Phenomenon and Mechanism 
The long‐term aim of solder joint reliability is a major requirement for electronic 
manufacturers. Solder joint alloy failure, however, includes compound mechanisms. 
Amongst the different failure methods in solder alloys is the creep phenomenon. 
Creep could be described as the time‐dependent deformation when a solder alloy 
material is subjected to stress for a long period. This time‐dependent deformation can 
hypothetically occur at any temperature over the absolute zero. However, creep‐
dominant failure generally develops under elevated temperature about the melting 
point of the solder alloy material. Normally, solder alloys are low-temperature metals 
with a melting point or liquidus/solidus temperature range of 120 – 320°C. Therefore, 
a detectable creep method under a low mechanical load level is anticipated even at 
ambient temperature. Investigations by Hwang and Vargas (1990) show that the 
primary information on the relative creep rate of twenty‐two common solder alloys, 
and they endeavour to compare the creep rate to the tensile strength, modulus, melting 
point, and the microstructure of the solder alloys. The solder alloys under study 
covers of Sn/Sb, Sn/Pb/Bi, Sn/Pb/Sb, Sn/Bi, Sn/In, Sn/Pb, Sn/Pb/Ag, Sn/Ag and Pb/In 
systems. The investigators further explore the suggested mechanisms for solder alloy 
creep phenomena (Hwang & Vargas, 1990). 
 
The deformation map (Fig. 3.1) was first presented by Ashby (1972) and has been 
widely recognised by many researchers. The upper part of the map is confined to the 
ideal or theoretical stress underneath the onset of dislocation glide. Dislocation glide 
happens at high-stress levels over the whole homologous temperature spectrum. In 
this case, the dislocation moves along the slip planes (Weertman, 1957). Dislocation 
creep is characterised by a high-temperature deformation mechanism with 
homologous temperatures greater than ~0.5Tm and requiring intermediate-high stress 
(Coble, 1963). Coble recommended a grain boundary-based diffusion mechanism that 
comprises the ionic or atomic diffusion along the grain boundary. The lattice or bulk 
diffusion or Nabarro- Herring Creep occurs at high temperature and low-stress level. 
Without pressure, lattice vacancies and interstitial atoms will travel in proportion to 
the gradient of their concentrations. Under stress, the lattice defects tend to move in 
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directions to reduce the unevenness of pressure. The movement will ultimately trigger 









Figure 3. 1: Simplified Deformation Mechanism Map (Ashby, 1972) 
Ramachandran et al. (2018) studied an overview of solder joint reliability due to 
creep deformation and Ramachandran & Chiang (2017) investigated the feasibility 
evaluation of creep model for failure assessment of solder joint reliability of wafer-
level packaging. The researchers developed a new creep model based on the 
assumptions that an instantaneous steady-state creep form eliminates the evolution 
term, resulting in a creep equation with four parameters. The proposed model has a 
similar vital statement similar to that of the well-known hyperbolic sine model. The 
model considerably broadens the application of the hyperbolic model. The model 
considerably extends the application of the hyperbolic model. The researchers used a 
wafer level chip scale package (WLCSP) on PCB and performed thermal cycling 
experiments in ESPEC TCC-150. The steady-state creep is the dominant deformation 
experienced by solder alloys. The researchers quantitatively determine this and 
proposed a series of constitutive models. Pan et al. (2003) report the two models 
widely accepted to characterise solder alloys by considering the diffusion-controlled 
creep deformation mechanism (Pang et al., 2003). The investigators also considered 
the isotropic elastic and creep model for the soldered material because the model 
plays an essential role in the failure and damage of solder joints under thermo-
mechanical loading conditions and creep damage.     
3.2.1 Solder Alloy Creep Model 
Solder joint alloys are used in all electronic devices because of their low melting 
temperature and superior wetting characteristics. However, in most electronic 
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packaging, solder joint alloys operate at the thermally activated condition at room 
temperature because of their low melting point. Various thermally activated 
developments include: grain boundary diffusion 
• dislocation-glide 
• dislocation climb, and 
• lattice diffusion produces an enormous quantity of creep deformation, which 
results in a varying type of failures in electronic packaged solder joints. 
Packaging in electronic devices includes materials with significantly varying thermal 
and mechanical properties. When in service, the C.T.E of the solder alloy materials 
produces cycling shear stress on solder joint alloys. The fatigue life of solder joints 
typically defines the stresses generated in the component build fatigue failure in the 
solder joints and reliability. This knowledge gap has necessitated the extensive 
investigations of the creep behaviour of solder alloys in this work. A limited number 
of researchers have developed creep models for viscoplastic behaviours of solder joint 
alloys. Studies by Lee & Basaran (2011) and Gomez & Basaran (2005, 2006) have 
recorded these references on solder joint alloys' constitutive modelling. Their research 
has shown that solder joint alloy's creep behaviour depends on ageing, grain size 
stress, and temperature. Nevertheless, a complete evaluation of these models has not 
been published (Gomez & Basaran, 2005, 2006; Lee & Basaran, 2011). 
The most suitable models are compared with experimental data and implemented in 
finite element analysis using ANSYS or ABACUS software to analyse their cyclic 
loading performance. Ghorbani & Spelt (2007) developed the thermo-mechanical 
models of solder joint alloys. The researcher can rely on the test data and life 
prediction model on the solder alloy's stress and strain response. The existing model's 
predictions agree well with the experimentally and analytically determined number of 
cycles-to-failure by applying the Coffin-Manson strain-based model for the SnPb 
solder alloy and energy-based life prediction model for the SnAgCu (SAC) solder 
joint alloys. The research by Zhu et al. (2015) recommended a novel life prediction 
model under a high strain rate with the test outcome correlated with the predicted 
result. The result shows that the prediction life agrees well with the experimental test 
life under a high strain rate. 
Additionally, the study by Ramachandran et al. (2018) applied a unified viscoplastic 
Anand model to define the rate-dependent behaviour of both lead-based eutectic and 
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lead-free solder joint alloys at high homologous temperatures. The most regularly 
used creep model denotes the effect of grain size and stress exponent term, and the 
shear stress and shear modulus characterise it. Kashyap & Murty (1981) and Hacke et 
al. (1993) has recommended that this is the best generally used creep model is called 
Model A, shown in equation 3.1 (Hacke et al., 1993; Kashyap & Murty, 1981) 
 
















)]                                         Equation 3. 1 
where ?̇? is creep strain rate, 𝐴 is a material constant, 𝐺 is the shear modulus, 𝑏 is the 
burger’s vector, 𝑘 is the Boltzmann’s constant, T is the absolute literature, 𝑑 is the 
grain size, 𝜏 is the applied shear stress, 𝑛 is the stress coefficient, 𝑄 is the activation 
energy for creep process, and 𝑅 is a universal constant. The Anand model which was 
proposed by Anand and Brown et al. (1982, 1989) is shown in Eq. (3.2) (Anand, 
1982; Brown, Kim, & Anand, 1989). 









)                                                                           Equation 3. 2 
where ̇𝑖𝑛 is the inelastic strain rate, 𝜉 is a multiplier of stress, 𝜎 is the applied stress, 
𝑠 is a single scalar as an internal variable to represent the average isotropic resistance 
to plastic flow, and 𝑚  is the strain rate sensitivity of stress. A steady-state creep 
equation is obtained by simplifying Anand Model. Model B is obtained as seen in Eq. 
(3.3): 
Model B:           ?̇? = 𝑨(𝒔𝒊𝒏𝒉𝜷𝝉)𝒏𝒆𝒙𝒑 (−
𝑸
𝑹𝑻
)                                                        Equation 3. 3 
Where 𝑛 is 1 𝑚⁄ , and 𝛽 is the multiplier of hyperbolic-sine law obtainable from curve 
fitting to experimental data with the use of linear and non-linear least square 
regression. The modification of Anand model was proposed by Pan. Model C 
possesses additional grain size as well as some term original imbedded into Model B 
as seen Eq. (3.4) (Pan, 1991): 
Model C:               ?̇? = 𝑨(𝒔𝒊𝒏𝒉𝜷𝝉)𝒏(𝒅)−𝒑𝒆𝒙𝒑(−
𝑸
𝑹𝑻
)                                         Equation 3. 4 
A creep function Model D was recommended by (Darveaux & Banerji, 1991) as seen 
in Eq. (3.5). It is like Model B: 











)                                              Equation 3. 5 
Shi et al. (2003) suggested another valuable creep model 'Model E'., Model E shown 
in Eq. (3.6). The model presumed that there are two systems of steady-state creep and 
that individual regime has a power law dependence on stress and strain rate. The 
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researchers also recommended another model F (Eq. (3.7)) proven on the 
experimental outcomes (Shi et al., 2003). 
















)                            Equation 3. 6 






















) Equation 3. 7                                                    
Lee & Basaran (2011) proposed a modify Anand model considering shear modulus 
temperature dependency and grain size for Model G and H shown in Eqs. (3.8) and 
(3.9) (Lee & Basaran, 2011). 








)                                                          Equation 3. 8 













)                                                    Equation 3. 9 
A hyperbolic-sine term was utilised instead of power-law used in Dorm equation 
given in Model A.  When Model H was compared with Model I; they suggested an 
observation of the effect of  𝐺𝑏 𝑘𝑇⁄ . Model I was discovered in Eq. (3.10): 
















)                                          Equation 3. 10 
3.2.2 Study Of Creep Deformation 
Creep is the time-dependent deformation under a correctly applied load and generally 
occurs at high temperature (thermal creep) but can also occur at room temperature in 
certain materials such as solder, albeit much slower. Solder as a metallic alloy is used 
extensively in the electronics industry to make electrically conducting connections 
between components and wires such as capacitors, resistors, circuits, and so forth. 
Components like these can be fatally damaged by excessive heat, so that any material 
used in making soldered connections must have a low melting temperature, such as 
the SAC solders. Constant thermo-mechanical loading will also induce creep. Creep is 
the most common micromechanical deformation mechanism in solder joints; thus, 
creep resistance is a valuable mechanical property. Theeven (2002) reported on the 
creep and failure of lead-free solder alloys. The researchers investigated the 
microstructural evolution of the solder joint at different scales and modes. The article 
examined four solder types (SnPb36Ag2, SnAg3.8Cu0.7 (SAC387), SnZn8Bi3 and 
SnAg3.3Bi3.82) when they undergo shear tests. The test shows that SnZn8Bi3 has the 
highest creep rate, and the SAC appears to be the most creep-resistant alloys with 
about the same creep rate as SnAg3.3Bi3.82 at 100℃, but better resistance to creep at 
150℃, why SnPb36Ag2 showed such low creep resistance that most of the samples 
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failed before the investigator could measure creep. Because creep is considered the 
most salient mechanism in the failure of solder joints, this research has considered 
four SnAgCu and lead-based eutectic solders. Most studies have identified creep and 
lifetime models to be nominally based on experimental data (Theeven, 2002). This 
study found creep modelling based on Garofalo-Arrhenius creep relation and is used 
to figure out the effect of creep on the five solder alloys. A proposed modified 
submodelling approach for an optimal solder ball is introduced.  
 
In general, the creep effect is more critical in SnAgCu (SAC) solder alloy materials at 
high homogenous temperature (TH) . Creep deformation has become a dominant 
deformation in electronics devices and occurs when TH = T Tm⁄  go above ~0.5 and at 
low temperatures. Studies by Amalu & Ekere (2016) examined the modelling 
evaluation of Garofalo-Arrhenius creep relation for lead-free solder joint alloys in 
surface-mount (SMD) electronic component devices. They employed various creep 
parameters in Garofalo-Arrhenius constitutive creep relation. They applied four sets 
of values, proposed by Lau et al. (2003), Pang et al. (2004), Schubert et al. (2003) and 
Zhang et al. (2013), to produce four hyperbolic sines creep relations. The researcher 
recommended a model for choosing proper constitutive models for the precise 
prediction while advising on the development of novel solder joint constitutive 
relationships as presented in Fig. 3.2 shows the schematic of strain energy damage in 
flip-chip solder joint. Their research found out that the area of stress concentration is 
at the joint's flange and corners. The simulated results, along with a plot of equivalent 
creep strain against temperature cycle time for resistor assembly and equivalent creep 
strain against temperature cycle time for flip-chip assembly, are shown in Fig. 3.2 (a) 
– (d) and the strain energy damage on the solder substrates (Amalu & Ekere, 2016). 
The Garofalo creep constitutive constants used in the FEA simulation are presented in 
Table 4.8 (section 4.6.4). 
 
Results by Libot et al. (2018) show the experimental strain energy density dissipated 
in SAC305 solder joints during different thermal cycling conditions using strain gages 
measurements as presented in Fig. 3.3. A similar result was validated by Stinson-
Bagby (2002, 2004), who studied microstructural evolution in the thermally cycled 
large-area lead and lead-free solder joints and showed that cracks found at the edge of 
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the solder under at the point of highest calculated strains as shown in Fig. 3.4 (Libot 











Figure 3. 2: Equivalent creep strain in solder joints showing: (a) Schematic of strain damage in 
resistor solder joint (b) Schematic of strain damage in flip chip solder joint (c) Plot of equivalent 
creep strain against temperature cycle time for resistor assembly (d) Plot of equivalent creep 












Figure 3. 3: (a) High strain regions in the critical solder ball determined with FEM analysis. (b) 
Observation of the thermomechanical fatigue crack localized in the solder bulk on the 
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Figure 3. 4: Images of cracks found at the edge of the solder under at the point of highest 
calculated strains (Stinson-Bagby, 2002) 
Serebreni et al. (2017) study the effect of improper conformal coating on SnPb and 
lead-free BGA solder joints during thermal cycling through experiments and 
modelling. Their research shows that the SnPb solder joints' stress-strain behaviour at 
the interface is similar to that observed in Pb-free components, only with a noticeable 
difference in magnitude. Fig. 3.5 shows the maximum principal strains at the corner 
SnPb BGA with and without conformal coating at the high-temperature dwell. Their 
research resulted in distinguishing the effect of conformal coating materials on solder 
joint fatigue life in Pb-free and SnPb BGA packages and the area of stress-strain. The 
FE simulation proved to correlate well with an associated stress-strain state to the 
simulated results' observed failure mechanism in this research. The results of our 
study show areas of high deformation around the flanged of the solder balls substrate. 
The researchers could demonstrate this effect to be because of different material 
properties, including CTE. Additionally, the Silver (Ag) content of the different 
SnAgCu solder is an impacting factor. The effect of improper conformal coating on 
SnPb and Pb-free BGA solder joints during thermal cycling experiments and 









Figure 3. 5: (a) Symmetric FEM model based on WLCSP structure (b) Symmetric FEM model 
based on solder joint and pads structure (c) simulation results (d) Scanning electron microscope 
(SEM) image from experiment  (Serebreni et al., 2017) 
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Figure 3. 6: (a) SnPb Max. principal strain at 125°C for the corner BGA (b) with conformal 
coating (b) without conformal coating (c) SnPb BGA Min. principal strains at -55°C for corner 
joint (d) with conformal coating (b) without conformal coating (Serebreni et al., 2017) 
3.2.3 Time Independent Plasticity 
Time-independent plastic deformation shows that material behaviour occurs from 
accelerated loading rates. Plasticity is applied to determine a solder material's inelastic 
response that supports permanent deformation on complete unloading. Compared 
with elastic deformation, plastic deformation occurs due to microstructural variations 
in the deformation’s solder material (Altenbach, 2005). Typically, tension, 
compression or shear tests are utilised to define the stress-strain behaviour under 
uniaxial loading conditions with a strain rate in the range of 0.0033 – 0.1667 per min. 
The solder alloy material properties acquired under these terms are applied in a broad 
range in engineering design conditions. Nevertheless, in practice, the sort of loading 
on the structural part of the solder component may generate a state of biaxial or 
triaxial stress. Such conditions, however, set constraints on the application of the 
material properties acquired from the uniaxial experimental tests (Boresi et al., 1988). 
For instance, plastic deformation occurs in a part of the component where the required 
load happens in a multiaxial stress state, even if none of the stressed parts surpasses 
the uniaxial yield stress for the solder alloy material. This shows that, under 
multiaxial stress, introducing yielding is determined by any means other than the 
specific stress components (Dieter, 2011; Hartley, 2006). Therefore, it is essential to 
connect all elements of stress into meaningful uniaxial stress. The critical stress is 
then examined with the uniaxial yield stress, utilising a suitable yield criterion to 
predict the origin of plastic deformation, as shown in Fig. 3.10. In general, a 
comprehensive plasticity theory has three components:  
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• A yield criterion that defines the initiation of return in a material. 
• A flow rule that describes the plastic strain increase to the stress increment 
after the start of yielding. 
• A strain hardening or softening rule that predicts variations in the yield surface 
due to the plastic strain.  
These three components of plasticity theory are defined as shown in Fig. 3.7 (Hegde 
et al., 2008). Considering the uniaxial behaviour of a material, as shown in Fig. 3.7 
(a), a non-linear relation on the loading alone does not distinguish whether a plastic 
behaviour or non-linear elastic is displayed. Unloading will instantly determine the 
difference, with an elastic material following the same route and a plastic material 
showing a history-dependent path. Fig. 3.7 (b) and (c) presents strain hardening 
plasticity and ideal plasticity (Taylor, 2005).  
Research undertaken by Wiese et al. (2007) presents an experimental determination of 
time-independent elastic-plastic behaviour of solder joint alloys at high strain rates. 
Their research outlined the high strain rate tester design and pointed out the 
difficulties of high strain rate measurements of miniatured solder joint alloys. The 
experimental results present an excellent reproducibility of the force vs time reactions 
and match the results in addition to two failure models, bulk and brittle, as anticipated 
from the fractographic examination (Wiese et al., 2007). 
 
Figure 3. 7: Uniaxial behaviour of materials (a) non-linear elastic and plastic behaviour; (b) ideal 
plasticity; (c) strain hardening plasticity (Taylor, 2005) 
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3.2.4 Viscoplasticity and Viscoelasticity 
Inelastic deformation in crystalline solids is broad-spectrum rate dependent. Thus, 
rate-independent plasticity theories show idealisms, which have restricted their 
applications. Viscoplasticity defines rate-dependent plasticity in solids. Higher 
loading rates usually result in more significant strains and strain rates in the solder 
alloy material, affecting the stress-strain performance (Hegde et al., 2008). 
Viscoplasticity is characterised by yield stress, under which materials will not deform, 
which they will deform and flow according to various constitutive relations. Visco-
plastic models include the Casson model, the Bingham plastic and the Herschel-
Bulkley model. These ideal models are discontinuous. Analytic solutions exist for 
such models in simple flows compared to the general flow fields, which is essential to 
produce mathematical techniques to track down the yielded and unyielded sections. 
The introduction can hinder the ideal models, which is a sequence parameter and 
helps the solution process. They produce practically the same results as the perfect 
models by the right choice for their value. The study reviews several benchmark 
difficulties of viscoplastic flows, such as entry and exit flows from dies, squeeze 
flows and flow around a sphere and a cylinder. Examples are likewise presented for 
anticipated processing flows for the viscoplastic materials such as solder alloys, 
where the amount of the yielded and unyielded regions are determined (Papanastasiou 
& Boudouvis, 1997). 
 
From a rheological perspective, the significant difference between a viscoplastic and 
viscoelastic material is yield stress. A viscoplastic material has yield stress under 
which it will not deform, whereas a viscoelastic material will deform at any 
application of stress. For both types of fluids, the rate of strain depends on the stress 
applied and the viscoelastic or viscoplastic material. Example models of viscoplastic 
liquids include Bingham plastic, Hershel-Bulkley and Casson. Viscoelastic behaviour 
is a combined viscous and elastic behaviour where the applied stress results in an 
instantaneous elastic strain followed by a viscous, time-dependent strain (Choi et al., 
2008). For viscoelastic models, the simplest is the Maxwell and Kelvin-Voigt model, 
combined at differing degrees of complexity to form more 'real' responses. Others are 
the standard linear solid model, Burgers model and generalised maxwell model. These 
models provide a flexible example of how typical fluids behave at different strains. 
Examining a material that acts in a ductile manner during a standard tensile test, such 
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a materials stress-strain curve usually has an elastic region followed by an inelastic 
(plastic) region. The models presented for such viscoplastic materials comprised 
Bingham Herschel-Bulkley and Casson (Bingham, 1916; Casson, 1959; Herschel & 
Bulkley, 1926). The researchers provided analytical solutions for the Bingham plastic 
model in simple flow fields. Lui (2017), in their study, used lead-free solder 
constitutive laws of Anand's Viscoplasticity model in the finite element method 
calculation. The fatigue parameters of SACQ (92.443Sn4.0Ag0.5Cu8.0Bi0.05Ni 
0.007Ge), a new novel solder material, was presented in his study and used to predict 
the characterised life cycle. The author used thermal cycling to calibrate the FE 
models to predict SACQ solder joint lifetimes for the wafer level chip scale package 
(WLCSP) package type. In conclusion, the relative error between measurement and 
simulation is about 10% (Lui, 2017). 
3.2.4.1 Mathematical Modelling 
To model the stress-deformation behaviour of viscoplastic materials, constitutive 
difference equation has been proposed. Fig. 3.8 shows shear stress (𝜏𝑥𝑦) varies as a 
function of shear rate ?̇?𝑥𝑦 = 𝑑𝑣𝑥 𝑑𝑦⁄  for different viscoplastic models (Papanastasiou 
& Boudouvis, 1997). 
Bingham plastic model:  
𝝉 = 𝝉𝒚 +𝝁?̇?             𝒇𝒐𝒓 |𝝉| > 𝝉𝒚                                                                           Equation 3. 11 
Herschel-Bulkley model: 
𝝉 = 𝝉𝒚 +𝑲?̇?
𝒏         𝒇𝒐𝒓 |𝝉| > 𝝉𝒚                                                                            Equation 3. 12 
Casson model:  
√𝝉 = √𝝉𝒚 + √𝝁?̇?       𝒇𝒐𝒓 |𝝉| > 𝝉𝒚                                                                        Equation 3. 13 
For all models, we have:  
?̇? = 𝟎             𝒇𝒐𝒓 |𝝉| ≤ 𝝉𝒚                                                                                      Equation 3. 14 
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Figure 3. 8: Shear stress (𝝉𝒙𝒚) vs shear rate ?̇?𝒙𝒚 = 𝒅𝒗𝒙 𝒅𝒚⁄  for different types of viscoplastic 
models (Papanastasiou & Boudouvis, 1997) 
An essential difference with rate-independent plasticity is that the load point may lie 
outside of the yield surface. As a result, some Viscoplasticity models are referred to 
as over-stress models. Fig. 3.9 presents the alloy material stress-strain response, 
which relates to the yield surface, and are predicted to develop due to linear isotropic 
hardening. At load point (I) displayed on the yield surface in Fig. 3.9 (a). At the 
corresponding point on the uniaxial stress-strain curve in Fig. 3.9 (b), for the case of 
time-independent plasticity, the stress achieved is the yield stress, 𝜎𝑦  together with the 
contribution from any linear isotropic hardening, 𝑟( 𝑝) , so that: 
𝒓(𝜺𝒑) = 𝝈 − 𝝈𝒚                                                                                                    Equation 3. 15 
 
 
Figure 3. 9:  (a) The von Mises yield surface in plane stress for Viscoplasticity with linear 
isotropic hardening and viscous (or over) stress and (b) the corresponding stress-strain curve 
(Hartley, 2006) 
The resultant stress-strain curve is presented by the broken line Fig. 3.9 (b). However, 
for viscoplasticity, the stress is augmented by viscous stress,  𝜎𝑦  and similar 
schematics are indicated in Fig. 3.9 (b) by the solid line (Bažant, 1992; Hartley, 2006; 
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Petrinic, 2013). One of the principal goals of finding these rate and temperature-
dependent properties is to use them in the reliability studies of solder joints in 
electronic packaging. The researchers characterised the rate and temperature-
dependent material properties in a constitutive equation used in the FEA simulation 
test.  
3.2.5 Effect of Strain Rate and Temperature 
Several researchers such as Schubert et al. (2003), Zhu et al. (2007), Bai et al. (2008), 
and Haidong et al. (2016) have studied various loading conditions. Their works show 
that the response to specimens of solder is dependent on the strain rate at which the 
investigators performed the experimentation. The temperature at which the authors 
performed the analysis, including the strain rate, must be included when a 
comparative study of solder joint behaviour is analysed. Haidong et al. (2016) 
investigated the effect of strain rate and temperature on tensile properties of Bi-based 
lead-free solder. Their investigations include the tensile properties of three Bi-based 
lead-free solder, which are pure Bi, Bi-1.0Ag-0.3Sn-0.03Ge (mass %), and the 
researchers then compared Bi-2.5Ag (mass %) with that of Pb-rich Pb-2.5Ag-2.5Sn 
(mass %) solder. Through their investigations, the author established that the add-on 
of a tiny amount of Sn and Ge is productive in forming a microstructure. From 
fracture surface observation outcomes, the researcher confirmed that brittle fracture 
occurs at 25°C and the fracture mode changes to ductile fracture when the 
temperature increases and the flexibility develops (Haidong et al., 2016). Their result 
concluded that the addition of a small amount of Sn and Ge is used to form fine 
microstructure and that with the improvement of ductility, the fracture mode changed 
from the brittle fracture mode to the ductile fracture mode.  
 
Zhang et al. (2010), in their work, they concluded that by a series of temperature and 
strain rates tests that were conducted, the experimental stress-strain data harmonised 
well with the simulated outcomes based on the Anand model, which has been 
discussed previously. It shows that the Anand constitutive equations are appropriate 
to represent the stress-strain response of lead-free solder joints in electronic (Zhang et 
al., 2010). The researchers undertook tensile tests experiment of SnAgCu and 
SnAgCuCe at six different temperature of 25, 50, 75, 100, 125, and 150℃.  The 
researchers used two different strain rates (0.01 s−1 and 0.001 s−1)  at each 
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temperature. The authors cast the solders to solid bars with 18mm diameter, and they 
machined 128mm length and the bars to specimens of which the shape and 















Figure 3. 10: Stress-strain response of experiments and simulated results for SnAgCu solders & 
Stress-strain response of experiments and simulated results for SnAgCuCe (Zhang, et al., 2010) 
It can be observed that there is some similarity for both the experimental and 
predictions data acquired at temperature and strain rate. Additionally, the researchers 
can see the temperature and strain rate dependence of the onset of plastic flows and 
general features of the stress-strain curves' strain hardening behaviour. The result also 
indicates that as the temperature rises, the saturation decreases with a constant strain 
rate. Similar trends are observed from the experiments undertaken by Wang et al. 
(2013), Xiao et al. (2014), Cao et al. (2012), and Musanje & Darvell (2004). 
3.3 Solder Joint Fatigue Failure 
3.3.1 Solder Joint Failure  
Solder joints are the solder bonds between an application board and a semiconductor 
package to which it is attached. In unmounted devices, the solder joint may also be 
referred to as the package's solder connection features themselves, for example, solder 
studs, solder bumps, solder balls etc., in the context of their add-on to the packaging 
material. Because solder joints are one of the standard brittle elements of a unit 
(mainly because of the evidence that they are miniature and are utilised at high 
temperatures applicable to their melting points), the solder joint's reliability is of 
Content removed due to copyright 
reasons 
 55 
ultimate concern to electronic manufacturing engineers. Excellent knowledge of 
solder joint failures is necessary to develop any package's solder joint reliability 
(SJR). 
3.3.1.1 Thermal Fatigue Failure Solder Joint Alloys 
Pierce et al. (2008) investigated the fatigue life prediction methodology for lead-free 
solder alloy interconnected. The investigators took each joint's optical micrographs in 
the diagonal cross-section shown in Fig. 3.11 showing the maximum principal strain 
for a corner BGA. In this image, a crack is seen in the upper right-hand side of the 
interposer pad interface's solder volume. The investigator recorded the length of each 
crack as a function of the thermal cycle. The solder interconnects of this package had 
a mean top diameter of 0.595 mm (package side) and a mean bottom diameter of 









Figure 3. 11: Thermal mechanically fatigued plastic BGA joint image (Pierce et al., 2008) 
The electronic component also induces thermal stress because of a mismatch in 
thermal expansion (CTE) coefficient between the assembly's several constituents. 
However, in electronic assemblies, solder joints usually undergo thermal stresses 
because of the joint properties of non-uniform temperature distributions in the 
package and a mismatch in CTE between the component and substrate material  
(Marks, et al., 2005; Hetnarski & Eslami, 2009). Fig. 3.12 shows (a) Cracks propagate 
through the Sn-rich phase at Sn-Sn grain boundaries after thermomechanical fatigue 
(b) Optical micrograph of a failed Sn-3.5Ag solder joint after experiencing thermo-




















Figure 3. 12: (a) Cracks propagate through the Sn-rich phase at Sn-Sn grain boundaries after 
thermomechanical fatigue (b) Optical micrograph of a failed Sn-3,5Ag solder joint after 
experiencing thermomechanical fatigue (Shen, 2006) 
Magnien (2015) investigated the main influencing factors on solder fatigue 
mechanisms such as joint size, microstructure and testing temperature. Coyle et al. 
(2015) studied the thermal fatigue evaluation of lead-free solder joints. An important 
conclusion from the research is that the beneficial effect of silver (Ag) on accelerated 
thermal cycling (ATC) reliability (measured by characteristic lifetime) decreases with 
the severity of the ATC, expressed by higher ΔT, higher peak temperature, and longer 
dwell time increments. The results additionally determine that all the lead-free solder 
alloys are more reliable in ATC than the SnPb solder alloy they have replaced (Coyle 
et al., 2015). Li et al. (2017) reviewed typical thermal fatigue failure models for 
solder joints of electronic components. They examine several classifications of 
thermal fatigue failure models of the solder joint in electronics components as 
presented in Fig. 3.13. 
Thermal Fatigue Life 
Models of Solder Joints
Thermal Fatigue Life 
Model based on Energy
Thermal Fatigue Life 
Model based on Stress
Thermal Fatigue Life 


















Liang Model Akay Model
  
Figure 3. 13: Thermal fatigue life model of solder joints [Adapted Ref. (Li et al., 2017) 
They mentioned that the thermal fatigue model based on strain comprises of three 
parts: 
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∆𝜸 = 𝜸𝒆 + 𝜸𝒑 + 𝜸𝒄                                                                                             Equation 3. 16              
where 𝛾𝑒  is the elastic strain which is obtained from formula calculation or finite 
element analysis (FEA) or test; 𝛾𝑝 is the plastic strain which is obtained from formula 
calculation or FEA or test and 𝛾𝑐  is the creep strain, which is obtainable from formula 
calculation, test or FEA: Thermal fatigue life model based on strain has the following 
categories: 
• Coffin-Manson model 
• Total strain model 
• Solomon model 
• Engelmaier model 
• Knecht-Fox model 
• Pang model 
The Coffin-Manson model is primarily used to compute the low cycle fatigue life and 





                                                                                                   Equation 3. 17 
where 𝑁𝑓 is the number of failure cycles; 𝑝 is the amplitude of plastic strain, which 
could be obtained from formula calculation or finite element analysis; 𝑓 is the fatigue 
ductility coefficient, which could be acquired from Cambridge Engineering Selector 
(CES) and 𝑐 is the fatigue ductility exponent, which could be obtained from formula 
calculation.  
The total strain model combines the Coffin-Manson model and Basquin equation 
efficiently, not only by considering the effect of elastic strain on fatigue life but 











                                                                  Equation 3. 18 
where ∆  is strain range, which could be obtained from formula calculation or FEA; 
𝐸 is the elastic modulus of solder joints, which could be obtained from CES; 𝜎𝑓 is the 
fatigue strength coefficient; which could be obtained from CES; 𝑏 is fatigue strength 
exponent, which could be obtained by experiment. 
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The effect of plastic shear strain on the fatigue life of the solder joint was considered 
by Solomon model (Pecht & Dasgupta, 1996) is presented in Eq. 3.19. 
∆𝜸𝒑𝑵𝒑
𝜶 = 𝜽                                                                                               Equation 3. 19 
where ∆𝛾𝑝  is the plastic shear strain, which could be obtained from formula 
calculation or FEA; 𝑁𝑝 is the number of cycles; 𝜃 is the reciprocal of fatigue ductility 
coefficient, which could be obtained from formula calculation; 𝛼  is the materials 
constant, which could be obtained from CES. 
The researchers used the Solomon model for Quad Flat no-lead Package (QFN) with 
the excellent result. Still, the difficulty here is that the Solomon model did not 
consider the influence of creep strain on the fatigue life of solder joint. Because of 
this, the actual application is limited. The researcher proposed an improved model of 
the Coffin-Manson model called the Engelmaier model and considered the 










                                                                                           Equation 3. 20 
where 𝑁𝑓 is the fatigue life; 𝑓 is the fatigue ductility coefficient, 𝑓 = 0.325 for the 
eutectic solder; 𝑐 is the reflecting temperature stress and is determined by: 
𝒄 = −𝟎. 𝟒𝟒𝟐 − 𝟎.𝟎𝟎𝟎𝟔𝑻𝒔𝒋 + 𝟎. 𝟎𝟏𝟒𝟕 (𝟏 +
𝟑𝟔𝟎
𝒕𝑯
)                                                  Equation 3. 21 
where 𝑇𝑠𝑗  is the Average temperature, obtained from formula calculation; 𝑡𝐻  is the 
time of duration of high temperature and ∆𝛾 is the total shear strain range, which 
could be obtained from formula calculation or finite element analysis.  
3.3.1.2 Thermo-Mechanical Fatigue Failure of Solder Joints 
Electronic devices generate a very high rate of specific heat in comparison to their 
dimensions. Thermo-mechanical stresses and overheating are the critical reasons for 
the failure of electronic equipment. Exceeding their highest safe operational 
temperature means a substantial decrease in semiconductors efficiency, lifetime and 
reliability (Petrone & Cammarata, 2008). For those reasons, thermal design signifies 
an inevitable step in the pre-production phase to certify the electronic devices' 
performance and reliability (Harvest et al., 2005, 2007). Electronic components are 
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exposed to temperature variations in service due to the heat dissipation of silicon-
based chips (power transients) in the immediate environment. In combination with the 
CTE mismatch between the different materials of the assembly, cyclic thermal 
loading results in stress reversals and potential accumulation of inelastic strain in the 
solder joint. Petrone et al. (2015) carried out a thermo-mechanical simulation in their 
study, and the author derived a governing equation: 
𝝈 − 𝝈𝟎 = 𝑪: (𝜺 − 𝜺𝟎 −𝜽𝜶)                                                                                 Equation 3. 22 
where 𝜎  is the stress tensor, 𝜎0  and 0  are the initial stress and strain, 𝐶  is the 





(𝛁𝒔 + (𝛁𝒔)𝑻)                                                                                              Equation 3. 23 




= 𝛁 ∗ (𝒌𝛁𝑻) + 𝑸                                                                                     Equation 3. 24 
where 𝑇  is the temperature, 𝜌  is the density, 𝐶𝑝  is the specific heat at constant 
pressure and 𝑄 is the volumetric heat generation: 
The thermal distribution obtained is shown in Fig. 3.14, and the thermo-mechanical 
analysis results are presented in Figs. 3.15 and 3.16. Table 3.2 shows a summary of 
the solder joint fatigue models determined by the designated classifications fatigue 
models excerpts depending on their damage mechanism type. The fatigue life models 
of solder joints can be divided into five sections: stress-based, plastic strain-based, 
creep strain-based, energy-based and damage accumulation-based models. Table 3.3 
shows fatigue models and classifications. The crack propagation is rigidly concentric, 









Figure 3. 14: Thermal map [°C] on the device and Thermal impedance curve computed during a 
transient analysis in configuration (Petrone et al., 2015) 





















Figure 3. 15: (a) Effective plastic strain distribution for SAC305 solder die (𝑻𝒉 = 125 [°C]) (b) & 










Figure 3. 16: Number of cycles to failure for SAC305 solder die and Mesh of the numerical model 
(Petrone et al., 2015) 
Table 3. 2: Summary of Solder Joint Fatigue Model (Depiver et al., 2020) 
Fatigue 
Model 
Reference Equation Model Class Coverage Constant 
Coffin 
Manson 










c = constant 























b = fatigue strength 
exponent 
c = fatigue ductility 
exponent 
εf = fatigue ductility  
coefficient  
σf = fatigue strength  
snicoefficient  
Solomon 










θ = fatigue ductility 
coefficient 
α = constant 
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2εf = 0.65 
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Miner 


































Np = plastic failure 
Nc = creep failure 
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Qiao et al. (2014) investigated the failure behaviours of an Sn-0.3Ag-0.7Cu 
(SAC307) solder joint under creep and current stressing. They used SAC307 has a 
much lower cost than Sn-3.0Ag-0.5Cu (SAC305) under the coupling stressing of EM 
and creep. The result they obtained indicates that the lifetime, the fracture location, 
and the fracture mode of solder joint were significantly changed by the coupling 
effect(s) of creep and EM. When a solder joint is subjected to a high current density 
of 2 × 103A/cm2 moreover, at constant creep stress of 5.5MPa at 100℃ shown in 
Fig. 3.21 (i) & (ii) and they compared the result with a low current density of 
5 × 103A/cm2 with the same parameter and concluded that at low current density, a 
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shear fracture of the solder joint was seen, which implied that the failure is governed 
by creep. While at high current density, a brittle fracture of the solder joint was 
observed, which indicated that the failure is dominated by electromigration (EM) 
(Qiao et al., 2014). Hidaka et al. (2006) studied the creep behaviour and 
microstructure of Sn-Ag-Cu-Ni-Ge lead-free solder alloy. They investigated the creep 
behaviour of bulk and IMD of two lead-free solder alloys, Sn-3.5Ag-0.5Cu-Ni-Ge 
and Sn-3.0Ag-0.5Cu (SAC305), under high-temperature conditions. In their research, 
the author discovered that the creep rupture life of the SAC305 solder is three times 
less valuable than the Sn3.5Ag-0.5Cu-Ni-Ge solder at 125℃. Ni's addition to the 
solder alloy can make the microstructure growth more excellent and uniform (Hidaka 
et al., 2006). 
Ghorbani and Spelt (2007) developed a thermo-mechanical model for solder joints 
based on stress-strain response for solder life prediction. Model prediction correlates 
well with the experimentally measured number of cycles-to-failure obtained using the 
Coffin-Manson (C-M) strain-based model for Sn-Pb solder and energy-based life 
prediction model for the SnAgCu solder joint alloys. The parameters used in their 
work correlated well with the experimentally measured cycles to failure using 
conventional C-M type life prediction models based on stress, strain, or strain energy 
density. The researchers discovered that the strain-based C-M model best described 
the SnPb solder life, while the energy-based model provided the best life prediction 
(correlation) with the SAC solder. It was further discovered that the fatigue life of 
SAC solder is more sensitive than the SnPb solder to the ranges of stress, creep strain, 
and creep energy density per cycle  (Ghorbani & Spelt, 2007). Several studies such as 
Fahim et al. 2016 (Fahim et al., 2016), Ma et al. 2006 (Ma et al., 2006), Ma et al. 
2007 (Ma et al., 2007b), and (Cuddalorepatta & Dasgupta, 2008; Ghorbani & Spelt, 
2007; Knecht & Fox, 1990; Williams et al., 2010) has investigated elastic-creep 
model, and the high temperature creeps response, ageing reliability and the influence 
of elevated temperature on the reliability of lead-free solder joints.  
Zhang et al. (2017) investigated the simulation study on the thermo-fatigue failure 
behaviour of solder joints in a package-on-package structure. The simulating analysis 
of package-on-package structure under the temperature range 0℃ to 125℃  was 
carried out using the thermal cycle analysis and Coffin-Manson method. Their result 
shows that the maximum accumulated inelastic hysteresis energy appears on the 
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solder ball at the bottom fine-pitch ball grid array (FpBGA) structure. The result also 
reveals that thermal-fatigue damage evolves fast in the outer row corner’s solder ball 
then slowly propagates into the inner row balls in the FBGA structure (Zhang et al., 
2017). A similar investigation by Wang et al. (2014) studied the effects of solder 
balls and arrays on a failure behaviour in a package-on-package structure under 
different loading conditions. The researchers examined failure behaviours of different 
solder balls and arrays experimentally and mathematically. The results obtained 
shows that the failure behaviours for a structure with varying balls of solder and 
arrays vary. The failure of solder balls would most likely occur at the near outer edge 
solder balls, which also depends on the stiffness and determined by the solder ball 
numbers  (Wang et al., 2014). 
3.3.2 Fatigue life prediction of solder joints 
When a metallic model is exposed to cyclic loading, many initiated cracks will start. 
The model forms a sample of first cracks: the more critical model, the more 
significant is the sample (Makkonen, 2009). Avoiding the failure of any component 
exposed to cyclic loadings is a vital issue that the researcher must address during 
preliminary design. To have a complete picture of the condition, additional 
consideration must be given to processing parameters, given the robust effect they 
have on the cast materials' microstructure and, consequently, their properties. Fatigue 
damage is among the critical concerns in engineering since it increases with the 
number of applied loading cycles and can lead to fracture and failure of the electronic 
components. Thus, fatigue life prediction has an exceptional significance that must be 
studied during an electronic device’s design stage (Xi & Song-lin, 2009). There are 
two fundamental groups that the fatigue life prediction model is divided. The first 
group is produced with the models based on the prediction of crack nucleation, 
employing a mixture of damage evolution rule and guidelines resulting from the stress 
and strain of electronic components. This process's crucial point is the lack of 
dependence from loading and specimen geometry, being the fatigue life that is 
defined only by a stress and strain model (Miner, 1945; Santecchia et al., 2016). The 
second group method is based alternatively on continuum damage mechanics (CDM), 
in which fatigue life is predicted by measuring a damage parameter cycle by cycle. 
Ordinarily, the life prediction of elements subjected to fatigue is based on the "safe-
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life" methodology  (Ayoub et al., 2012; Suresh, 1998), coupled with the rules of linear 
cumulative damage by Palmgren  (Palmgren, 1924) and Miner (Miner, 1945). 
 
The precise prediction of solder joint reliability in safety-critical electronic devices is 
of immense interest as such solder joints usually fail when subjected to thermal 
fatigue load. The damage produced by the stress caused by the CTE mismatch and 
stiffness between the boards and package results in thermal stresses in solder joint 
alloys during the assembly and service life development. The accumulated stresses in 
electronic devices are subjected to varied thermal cycles, hence prompting the solder 
joint's failures (Amalu, 2012). Makkonen (2009) studied the total fatigue life in 
metallic alloys such as solder joint alloys. The researcher stated that the total fatigue 
life of a component is in three stages:  
• crack initiation; 
• stable crack growth, and 
• unstable crack growth.  
Crack initiation accounts for about 40 – 90% of the total fatigue life. It is the stage 
with the most extended time duration and can be stopped at grain boundaries barriers 
for a long time (Makkonen, 2009). Paris and Erdogan (1963) formed a power law 




= 𝑪 ∗ ∆𝑲𝒎                                                                                        Equation 3. 25 







                                                                                                   Equation 3. 26 
where the stress intensity factor range is  ∆𝐾, while 𝐶 and 𝑚 are the material-related 
constant: The integration limits 𝑎𝑓  and 𝑎𝑖  are the initial and final fatigue crack 
lengths; the crack propagation theory expressed as: 
𝒅𝒂
𝒅𝑵
= 𝑪′ × ∆𝑱𝒎
′
                                                                                                  Equation 3. 27 
where ∆𝐽 is the 𝐽 integral range corresponding to equation 3.27, while 𝐶′ and 𝑚′ are 
constants (Skelton et al., 1998): 
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Figure 3. 17: Strength of a metal as a function of its melting temperature (Amalu, 2012) 
Fig. 3.17 shows the relationship between alloy's strength and its ambient temperature 
(K) expressed as a function of its melting temperature, 𝑇𝑚. The ambient temperature 
defined as 𝑇𝑎 and the features of an ideal fatigue life prediction model is presented in 
Fig. 3.18. 





= 𝟏𝒊                                                                                                                 Equation 3. 28 
where the number of applied cycles at nominal stress is 𝑛𝑖 and 𝜎𝑖 and 𝑁𝑖 is the limit 
number of cycles to failure at the same stress and for the same cycle type. Therefore, 
each value ni Ni⁄  is considered as a quantum of damage, the sum of which denotes 
failure. 
 
Figure 3. 18: Features of an ideal fatigue life prediction model [Adapted from (Santecchia et al., 2016)] 
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= 1                                                                                                           Equation 3. 29 
Hashin & Rotem (1978) documented that there could be difficult with the first 
terminal's calibration relative to the second. Precisely, for a specified amount of the 
life being expended in step 1 at a stress level 𝜎1, the author would anticipate this 
proportion of the extended life to be diverse comparative to the following stress level 
of step 2. By an established set of environments and assumptions, they improved Eq. 









= 𝟏                                                                                  Equation 3. 30 
For more than two steps, the form Eq. (3.30) can be applied iteratively. The 
researchers adapt the form in Eq. (3.30) to accommodate a continuous variation of 
n/N, but the outcome is reasonably complex and not required. In a wholly unique 
methodology, the setback of residual strength can be advanced. Residual strength is 
defined as the static strength that would occur if a fatigue test were interfered with 
and tested to failure in the traditional static strength approach. Broutman & Sahu 
(2009) gave one of the purest likely residual strength forms. It states the residual 
strength 𝜎𝑅 as  (Broutman & Sahu, 2009): 
𝝈𝑹 = 𝝈𝒔 − ∑ (𝝈𝒔 − 𝝈𝒊)𝒊
𝒏𝟏
𝑵𝟏
                                                                               Equation 3. 31 
where 𝜎𝑠 is the instant tensile static strength as contained on the material before any 
fatigue damage is induced; at  𝜎𝑖 = 𝜎𝑠  (with 𝜎𝑖  being the maximum stress in the 
cycle) this residual strength form accurately decreases to the static strength  
(Christensen, 2008). 
3.3.3 Isothermal fatigue of solder joints 
Since electronic units include a material with different thermal expansion coefficients 
(CTE), these temperature changes may wear out electrical interconnections by 
fracture and fatigue of the joining materials (electronics in operation experience 
substantial temperature changes). FEM simulations are undertaken to gauge the 
reliability of electronic packages that experience thermo-mechanical stresses. Wiese 
et al. (2001) examined the fracture behaviour of flip-chip solder joints. The author 
study lead-based eutectic Sn63Pb37 and Sn95.5Ag4.0Cu0.5 (SAC405) solder alloys 
with a test temperature of 27℃. The strain wave amplitudes ranged from ∆ε = 0.3% - 
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4.0%, and the strain wave frequencies ranged from f = 0.0004 Hz – 10 Hz  (Wiese et 
al., 2001). 
 










                                                                                   Equation 3. 32 
Where the number of cracks that grow spherical is 𝑛𝑖 and 𝑑 is the diameter of the 
joint at the section, where the crack propagates, the parameter ∆F corresponds to the 
force amplitude at the current cycle, while ∆𝐹0 is the force amplitude at the initial 




 with the plastic strain energy ∆𝑊𝑝𝑙 as (Guo & Conrad, 1993): 
𝒅𝒂
𝒅𝑵
= 𝜶 ∗ (∆𝑾𝒑𝒍)
𝜷                                                                                             Equation 3. 33 
For accumulated inelastic strain ( 𝑎𝑐𝑐): 
𝒅𝒂
𝒅𝑵
= 𝜶 ∗ (𝜺𝒂𝒄𝒄)
𝜷                                                                                    Equation 3. 34 
 
Xu et al. (2012) investigated the isothermal shear fatigue mechanism of lead-free 
solder joints. They presented the outcomes of isothermal shear fatigue tests conducted 
on SnAgCu (SAC) lead-free and Pb-Sn solder alloys in fully assembled PBGA 
configurations. Their research indicated that the author could fit Pb-free and Pb-Sn's 
fatigue failure to the Coffin-Manson fatigue model with rational reliability. The 
proposed crack path and shear fatigue mechanics is presented in Fig. 3.19 for 
SAC305, 2.6% strain range, 1Hz, 25℃ (Xu et al., 2012). Coffin-Manson model is 
generally adopted as a standard model for several metallic systems containing the 
solder (Coffin, 1954; Manson, 1965). The model, in principle, indicates that the 




= 𝟐𝑪                                                                                                 Equation 3. 35 
where 𝐶  and 𝑚  are defined to be the ductility coefficient and ductility exponent. 
These two constants are directly related to material properties while ∆ 𝑝  can be 
loosely associated with the yield strain of materials since the elastic strain needs to be 










Figure 3. 19: SEM image showing the crack location of SAC305 2.6% strain range, 1 Hz, 25℃ 
(Xu et al., 2012) 
While yield strain is very minimal for the solder than the applied strain during 
standardised shear fatigue testing, the investigators can disregard the elastic strain and 
assume the applied strain to be the plastic strain. In addition to the fact that the solder 
alloys follow the Coffin-Manson model with reasonable consistency, the data shown 
in Tables 3.4 and 3.5 provides several insights relevant to the solder properties. The 
fact that lead-free SAC305 resists better fatigue failure than Pb-Sn is not an 
unanticipated finding since it is described in other reports. With fatigue data fitting, 
well to the Coffin-Mansion, they expanded their tests to extract the alloy properties at 
different temperatures. The temperature dependence of fatigue properties is a 
significant parameter to distinguish because it is vital to develop the reliability model 
in more complex load conditions. For this, shear fatigue testing at a similar condition 
as the one used in Fig. 3.20 (a) but with temperature variation (25, 50, 75, 100℃) is 
shown. Some part of the information is presented in Fig. 3.20 (b).  
 
The conclusion of the work by Xu et al. (2012) attempt to better understand the 
fatigue properties of solder alloys in package assembly under isothermal shear fatigue 
configuration. The study allows characterisation of the ductility coefficient and its 
exponent for the Coffin-Manson fatigue model at conditions close to using conditions 
of the device, strain rate, geometry and temperature. Lead-free SAC305 possesses 
higher fatigue resistance that lead-based eutectic Sn63Pb37 at room temperature. 
Furthermore, the fatigue load at higher temperature is detrimental to the solder joint 

















Figure 3. 20: Applied strain range versus a number of cycles to failure for SnPb and SAC305 
samples tested at 25℃, 1Hz and Strain range versus the number of cycles to failure for SnPb and 
SAC305 tested at 25, 50, 75, and 100℃ C at 1Hz (Xu et al., 2012) 
Zhang et al. (2005) studied the isothermal mechanical durability of three selected Pb-
free solders: Sn3.9Ag0.6Cu (SAC396), Sn3.5Ag, and Sn0.7Cu. The researchers 
utilised specimens of two copper plates joined in a lap configuration by a thin layer of 
solder alloy to describe the isothermal mechanical durability of three lead-free solder 
alloys (Sn-3.9Ag-0.6Cu, Sn-3.5Ag, and Sn-0.7Cu) and compared them with those of 
the lead-based eutectic Sn63Pb37 solder alloy at the room temperature and 135°C. 
The SAC396 and Sn-3.5Ag had much better durability than the lead-based eutectic 
Sn63Pb37, but the Sn-0.7Cu appears worse. They applied the Morrow energy model, 
which links fatigue life (𝐍𝐟) with plastic strain energy density ΔW. The outcomes of 
their investigations can be utilised for the virtual capacity of lead-free electronic 
devices through the design and development stages of electronic components under 
mechanical loading (Zhang et al., 2005). 
𝑵𝒇
𝒎∆𝑾 = 𝑪                                                                                           Equation 3. 36 
where m is the fatigue exponent and C is the material ductility coefficient, and the 



















Figure 3. 21: (a) Work-based damage relation comparison of four solder alloys at elevated 
temperature (b) Work-based damage relation comparison of four solders alloys at room 
temperature (Zhang et al., 2005) 
Hasnine & Bozack (2018) studied the effects of Isothermal ageing on the thermal 
expansion of several Sn-based lead-free solder alloy (SAC305, SAC387, Sn-3.5Ag, 
SnCu, Sn100C (SnCu-Ni-Ge) and SnCu-0.01Ge). They determined their CTEs 
experimentally from 30 − 150℃ after thermal ageing at 125℃ for up to 30 days (720 
hours). The CTE values of SAC305, SAC387 and Sn-3.5Ag increase by 8 – 16% after 
30 days of ageing, while the CTE values of SnCu, SnCu-Ge and Sn100C solders 
increase by only 3 – 6% (Hasnine & Bozack, 2018). CTE mismatch is the general 
problem of fatigue failure that happens as a result of cyclic loading. A model for the  
linear CTE mismatch is given by the difference in the CTE of the contacting 
materials, the physical length of the component and the temperature difference, and 
expressed as: 
𝑫𝒖 = ∆𝒆 ∙ 𝑳 ∙ ∆𝑻                                                                                   Equation 3. 37 
where the thermal mismatch is 𝐷𝑢  and ∆𝑒  is the difference in CTE between the 
materials; 𝐿  is the linear dimension of the component, and ∆𝑇  is the change in 
temperature. To reduce solder joint cracks, it is essential to minimise the thermal 
mismatch, which can be done by limiting the difference in CTE, minimising the 
temperature delta or reducing the size of the component. For high reliability, any CTE 
mismatch must be supported by the solder joint (Fig. 3.22) (DeMilo et al., 2007; 
Zhang et al., 2008a). The CTE measures the fractional change in size per degree 
change in temperature at constant pressure, leading to thermal fatigue and consequent 
failure of solder joints. As the CTE mismatch grows, the resultant shear strain 
decreases the thermal cycle lifetime of board components by weakening the solder 
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Figure 3. 22: Solder joints subjected to shear loading due to CTE mismatch (Hasnine & Bozack, 
2018) 
The researchers’ outcome resolved that the CTE development of lead-free solder alloy 
could be defined by the microstructural changes in the solders during thermal ageing. 
Isothermal ageing causes the coarsening of various stages of the solder, resulting in a 
higher CTE. In contrast, the addition of microalloying elements into the solder alloys 
prevents CTE developments with ageing. CTE development during thermal ageing 
suggests inherent reliability challenges for lead-free solder joint alloys subjected to 
long-term exposures to harsh environmental temperatures. The sections where cracks 
will become detectable under thermal cycling environments are presented in Fig. 3.23 









Figure 3. 23: Fatigue susceptible locations in solder joints  (IDCT, 2018) 
For lead-free devices: 
1. At the interface, joining the solder alloy and metallisation under bulky 
components, for example, lead-free chip carriers. 
2. At the vertical interface between the end metallisation and solder joint alloy 
fillet of the SM devices. 
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3. At the interface between foil and solder joint alloy under chip components, 
multilayer capacitors and resistors. 
4. In the critical part of the solder joint fillet. 
For through-hole devices: 
5. Annular cracks at the interface within solder joint alloy fillet and wire. 
6. In most of the fillet. 










Figure 3. 24: Cracked through-hole joint (IDCT, 2018) 
3.3.4 Combined Creep and Fatigue 
The mechanisms connected when fatigue and creep act jointly are insufficiently 
known; however, there is evidence that the summation of their characteristics is 
furthermore outstanding than their undeniable importance. Because solder joint alloys 
operate at high homologous temperatures, minor stress acting on them could cause 
creep all the time in the electronic components. Consequently, whatever method of 
stress or thermal cycling applied will exhibit an undesired phenomenon for the 
combined fatigue and creep. The circumstances are made worse with the duty cycles 
undergoing any of the following: 
1. Alternating stress levels at steady elevated homologous temperature. 
2. Alternating elevated homologous temperatures under constant stress. 
3. Simultaneous variations in high homologous temperature and stress. 
4. Unspecified order of 1, 2 or 3. 
In the research undertaken by Huang et al. (2012) and Tay et al. (2013), it was 
recognised that lead-free SAC305 solder joint alloy proffers an exceptional 
thermostable performance. The crack initiate spot usually develops in the solder and 
has been known to continue along with the IMC. The fracture location is practically 
around the interface between the IMC layers and solder joint alloy. Additionally, this 
may occur in the solder near the pad. Following a specific time of recognising the 




thermal cycling test, the growing inclination of the crack is presented and, the crack 
of the solder joint is gradually changing from one crack to two or more cracks, and 
the length becomes expansive (Huang, 2012; Tay et al., 2013). With an increase in 
thermal cycling rate, the cracks continue near the IMC, which is almost associated 
with the solder joint alloy's crystallisation condition (Che et al., 2005; Zbrzezny et al., 
2007). 
3.3.5 Experimental Methodologies for Solder Joint Fatigue 
The electronic manufacturing industry has expanded into manufacturing reliability 
experimental prototype test vehicles. With the developments in miniature electronic 
packaging, new packaging materials for the design and development of solder joint 
alloys have a wide variety of dimensions. The dynamic lead time for growth and 
testing decreased with the cost factors. It is necessary to assess the thermo-mechanical 
reliability of solder joints fast. Traditional fatigue life method includes subjecting the 
electronic packages to ATC and monitoring the daisy chain electrical continuity for 
the solder joint failure in the electronic components, 
 
Tunga and Sitaraman (2007) investigated a practical experimental technique for 
determining thermal cycling fatigue life for BGA package solder balls using a laser 
moiré interferometry based experimental approach to evaluate the thermal cycling 
reliability of solder joints. Although, Laser moiré interferometry has been utilised in 
the past by numerous investigators to gauge the in-plane deformation of cross-
sectioned electronic packages that are subjected to mechanical (Stout et al., 2000), 
thermal (Cho et al., 2004; Joo et al., 2005), concurrent vibration and thermal (Basaran 
et al., 2001) and electrical power loading (Basaran et al., 2005). The researchers apply 
the methodology to cross-sectioned solder joints to find deformation and, therefore, 
the solder material's strain contours. Their investigation showed a unique method to 
determine the fatigue life of solder joints utilising laser moiré experimental data. For a 
plastic BGA package, it seems that the fatigue life predicted by their recommended 
method is of the equivalent sequence of magnitude as the experimental data. 
Furthermore, the critical solder ball identified by the laser moiré method is the same 
as the one discovered in the original accelerated thermal cycling experiments. The 
best agreement observed in the fatigue life was taken from experimental ATC and 
moiré interferometry for the ceramic BGA package. It is also reasonable to assess 
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some solder joints in one experiment. The recommended method is significantly 
accelerated than the ATC experiments to evaluate solder joint reliability. 
Barbini and Meilunas (2013) studied the reliability of Pb-free LGAs and BGAs: 
effects of solder joint size, cyclic strain and microstructure. The investigators carried 
out an accelerated thermal cycle (ATC) research examining assembled area array 
devices of land grid array (LGA) and ball grid array (BGA) technology with 0.254, 
0.30, and 0.40mm pitch diameter for lead-free SAC305 solder balls. The researcher 
subjected the components to three thermal cycle conditions to promote 2nd level 
solder fatigue. Failure data obtained was examined by employing Weibull 
examinations. The results show that time to failure is significantly impacted by the 
package thermal cycle temperatures and pitch in a technique predicted by simplistic 
mechanics. In the conclusion of their work, a strain rate approach for analysing the 
ATC reliability data seems to clarify the effects than a strain range method 
sufficiently. With the application of the strain rate method, it has been shown that 
lead-free SAC305 solder joints that have the same LGA joint qualities (shape, height 
and microstructure) can be more dependable than more substantial BGA – like lead-
free SAC305 solder joint alloys for an assigned strain rate. ATC test temperatures 
have an essential influence on solder joint lifetime. The -40/125°C thermal cycle is 
significantly more damaging than the -20/100°C and 0/100°C thermal cycle in 
addition to the same cyclic strain rate. The -20/100°C and 0/100°C thermal cycle give 
comparable results, particularly when comparing related cyclic strain rates (Barbini & 
Meilunas, 2013). 
Nevertheless, the ANSYS model's finite element simulation could examine the stress 
and strain condition under varying loading conditions. Still, the research cannot 
consider it for the crack impact. The investigators also concentrate on improving the 
model, and the life prediction model may be a promising mechanism for future 
research in electronic device monitoring and novel life prediction models (Hu et al., 
2016). Wang et al. (2014), Rhee et al. (2003) and Hwang (2002) examined fatigue 
cracking test. They investigated the effect of loading type on fatigue crack growth 
behaviour of the solder joint in electronic packaging. The experiment was carried out 
using in-situ scanning electron microscopy (SEM) technology under tensile and 
bending cyclic loadings. Their outcomes demonstrate that the researchers cannot 
disregard the loading type's effect on a solder joint's fatigue crack growth behaviour. 
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Moreover, the FEA results help quantitatively measure the acknowledgement 
connection between solder joint structures. The fatigue cracks initiation life of a 
solder joint is in proper compliance with an entirely electronic board’s fatigue life 
with 36 solder balls (Hwang, 2002; Rhee et al., 2003; Wang et al., 2014). 
3.4 Vibration of Solder Joint Alloys 
Vibration test has come to be a robust critical test process for a solder joint alloy. The 
modern model for vibration testing essentially relies on a pass or fail benchmark with 
insufficient understanding of the failed components' factors. Solder joint alloys 
performance in a high-frequency environment is more known due to advancing a 
novel test methodology that allows the solder behaviour to be defined. National 
Physical Laboratory (NPL) investigation affirmed that lead-free solder alloys' high-
frequency response falls behind that of the traditional lead-based SnPb solder alloy. In 
electronic devices, several electronics applications are subjected to vibration. 
However, while there has been a significant study on the impacts of low-cycle fatigue, 
there have been minimal studies on high-cycle fatigue, such as the one experienced in 
vibration. A current NPL study on a solder alloy project discussed this shortcoming, 
producing data on SnAgCu (SAC) lead-free joint alloys, using conventional lead-
based SnPb solder alloy as a benchmark. The NPL investigation utilised a global 
strategy employing a model solder joint. A controlled vibration (400Hz and 800Hz) 
was used while recording joint lifetimes, and the vibration's solder materials' 
responses. While the prospect of failure in service is low, it depends on the chance of 
high stress with the edge of a solder joint alloy. They recommended that for 
conventional designs, there should be a reduction to the threshold temperature for the 
coating to 70°C for both materials (O’Keefe et al., 2006; Paris & Erdogan, 1963). 
 
Che et al. (2003) examined the vibration fatigue tests and analysis for flip-chip solder 
joint reliability assessments. They showed that the dynamic characterisations of flip-
chip on board (FCOB) assemblies were assessed using an accelerometer and high-
speed camera measurements during vibration tests. The authors developed a vibration 
fatigue test and analysis of the methodology for flip-chip solder joint fatigue life 
prediction. The failure of solder joint detection was built by daisy-chained resistance 
monitoring throughout the experiment. The authors established a plot of G-level 
against mean time to failure (MTTF). Linear cumulative damage analysis method 
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(Miner's rule) anticipated non-conservative outcomes for vibration fatigue failures in 
the flip-chip solder joints. The author used the finite element analysis (FEA) using a 
global-local beam modelling method to compute the significant natural frequency 
result compared to the experimental data. The author established a quasi-static 
analysis technique to model the effect of flip-chip location on solder joint fatigue life 
(Che et al., 2003). The research carried out by Osterman & Dasgupta (2006, 2007) 
studied the life expectancies of lead-free SAC solder joints in electronic hardware 
(Osterman et al., 2006; Osterman & Dasgupta, 2007). 
 
Studies by Wiese et al. (2001), Bailey et al. (2004) and Nguyen et al. (2004) showed 
that due to the switch from lead-based solder to lead-free solder in response to 
government restrictions on the application of lead (Pb) by the European Union (EU), 
the electronic manufacturers had sought a solder material equivalent to the 
conventional lead-based eutectic Sn63Pb37 solder alloy that has been traditionally 
used in assembling electronic hardware. With a focus on an expanded evaluation of 
different solder combination, the electronic manufacturers seem to be implementing a 
Tin-Silver-Copper (SAC) solder alloy as an accepted lead-free solder alloy 
replacement. Notably, several researchers have made tremendous advances to 
describe these solder alloys' material behaviour and durability. Although the SAC 
solder's specific composition is still in question, it has shown that the 
96.5Sn3.0Ag0.5Cu (SAC305) solder is gaining more widespread recognition as the 
preferred lead-free substitute for surface mount assemblies that are constrained 
largely to cyclic thermal environmental conditions. These researchers' study presents 
an evaluation of the understanding of the life expectancy of lead-free SAC solder joint 
alloys for electronic hardware. They concentrate on the material characterisation of 
SAC solder alloy and its thermal cycling and vibration fatigue reliability. From this 
review, SAC solder alloys are suitable for providing adequate life expectancies for 
thermal cycling in electronic devices (Wiese et al., 2001; Bailey et al., 2004; Nguyen 
et al., 2004). 
 
However, there are differences between SAC and the conventional Sn63Pb37 solder, 
and it is fundamental to be understood in design dependable electronic equipment. 
The research by Osterman & Dasgupta (2006) was confirmed by Maio & Hunt 
(2008). They specified that many applications in electronic devices are subjected to 
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vibration. However, while there has been much research into the effects of low-cycle 
fatigue, there has been very little in the field of high-cycle fatigue. Nonetheless, this 
has been of importance in critical areas such as the aerospace industry. 
Consequently, the researchers designed their work at examining lead-free solder 
alloys in a high-frequency environment, above 100Hz, using SnPb alloy as a standard. 
Several prior studies on high-cycle fatigue (HCF) have been focused on reviewing the 
properties on a complete printed circuit board (PCB). Nevertheless, the assessment 
technique is not appropriate for characterising the solder performance, as the 
methodology is geometry and conditional explicit. A more all-purpose method has 
been accepted in their work, using a reproducible model solder joint as the model to 
which the author applied well-controlled vibrations. The report emphasised the 
various alloys' different behaviour once exposed to vibration and the SnPb alloy 
benefit, exclusively at higher frequencies. This method has been revealed to be 
advantageous in illustrating and ranking different materials. The researcher could 
undoubtedly repeat tests under a variety of circumstances aimed at precise industrial 
applications. The method is multipurpose, and the author could adapt the equipment 
for testing at high temperatures (Maio & Hunt, 2008; Osterman et al., 2006). 
 
Mattila et al. (2006) and Bentata et al. (2008) investigated the reliability of Chip Scale 
Package (CSP) interconnections under mechanical shock loading conditions. They 
showed the failure modes and mechanisms under mechanical shock loading using the 
statistical and fractographic research techniques and the FEA. The SAC bumped 
components were reflow-soldered alongside the SAC solder paste on the organic 
solderability preservative-coated multilayer printed wiring boards and Ni(P)|Au-
coated with and without micro-via structure in the soldering pads. Component boards 
were designed, fabricated, assembled, and drop tested, agreeing to the JEDEC 
JESD22-B111 standard drop test for portable electronic products. The investigators 
examined the test information by employing the Weibull statistics and computed the 
characteristic lifetimes (𝜂) and shape parameters (𝛽) . Statistically, the researchers 
discovered essential distinctions in the reliability between pad structures and coating 
materials. The failed assemblies' outcomes revealed an excellent relationship between 
the failure modes and the FE computations. Under elevated deformation rates, the 
solder material experiences robust strain-rate hardening, which increases the stresses 
in the interconnections when likened to those in the thermal cycling tests. 
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Consequently, the failure mechanisms under high deformation rates varied 
fundamentally from those seen in thermal cycling tests (Bentata et al., 2008; Mattila 
et al., 2006).  
 
The failures analysis showed that the component side's principal failure modes are 
crack in the intermetallic layer and cracks in the passivation layer. The investigators 
identified another failure mode on the board side, but the researcher cannot record it 
as a defect. The evidence that cracking occurs predominantly at the component side is 
due to three factors: higher peeling stress (Sz) at the component side, the brittleness 
of intermetallic and the strain-rate hardening of the bumps. According to the quality 
level of ST Microelectronics Company, their components are imperilled to a high-
stress level to ensure the electronic market's best life duration. For performing these 
harsh mechanical reliability tests, JEDEC has lately published a new standard, 
JESD22-B111 (Bentata et al., 2008; Krist et al., 2008). The drop test procedure and 
test conditions are normalised. The researcher cannot underestimate vibration testing's 
significance, but they do not reflect the general service conditions that equipment is 
subjected to. The literature examined for the vibration test is mostly single axis as few 
works of literature reported multi-axis vibration test. Peterson carried out time-to-
failure testing using single-axis and multi-axis vibration (Peterson, 2013). The 
complexity in the interpretation and analysis of the results obtained and its’ cost is 
why they have not been reported. The conditions were corrected using the highly 
accelerated lifetime test (HALT) method. 
 
The highly accelerated stress screening (HASS) and highly accelerated life testing 
(HALT) use temperature and vibration stresses to produce a robust product, screen 
out initial product failure concerns and decrease the design challenges. Wong et al. 
(2007) studied the vibration testing and analysis of a ball grid array (BGA) package 
solder joint alloys. The researchers' results show that the board strain vs number-of-
cycles-to-failure (or E-N) curve has a linear trend with little scatter in data points, 
comparable to that of a conventional fatigue theory employing the cyclic stress vs 
number-of-cycles-to- failure (or S-N) curves. Using the FE analysis, the author 
validated the solder joint alloy stress linearly compared to the board strain. Therefore, 
board strain can unquestionably be used as an excellent engineering metric to measure 
BGA solder joint alloys' fatigue. A designed Dynamic Test Board (DTB) was adopted 
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and tested with an electro-dynamic vibration shaker. The DTB presented in Fig. 3.25 
is about 1.57mm thick, with a square board with only a BGA package mounted on it 
in the centre. The component was made up of conventional FR-4 PCB material. The 
holes on the board, organised in a spherical array with a constant distance, were 
utilised to shield the board onto a support plate using standoffs (Wong et al., 2007). 
Mode shape matching between EMA and FEA for (a) first mode and (b) fifth mode is 












Figure 3. 25: Vibration test setup: (a) a DTB mounted onto a fixture using eight standoffs, and 













Figure 3. 26: Mode shape matching between EMA and FEA for (a) first mode and (b) fifth mode 
(Wong et al., 2007) 
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The linear correlation between the solder joint stress and board strain, acquired 
through FEA, additionally established the use of board strain as an optimal 
engineering metric to monitor the rigorousness of solder joint stress. FEA was also 
productively used to describe the direction of crack propagation and the crack 
initiation, package interfaces, and the board, as witnessed in the experimentations. 
The SnAgCu and SnPb fatigue curves' relationship noticeably showed the SnAgCu 
solder system's better functioning under a high-cycle fatigue test. Nonetheless, the 
author reversed this development in low-cycle fatigue, where SnPb solder has 
excellent fatigue resistance. The author also determined the cross-over of SnAgCu 
and SnPb fatigue curves and the strain rate position in prescribing the failure mode. A 
fatigue-life prediction approach established on Miner's rule was recommended and 
authenticated with practically suitable outcomes using MTBs mimic actual 
motherboards. This approach also holds the possibility to be used flawlessly between 
all mechanical loading settings - vibration, cyclic bend and cyclic shock. 
3.4.1 Vibration Fatigue Life Prediction 
The fatigue life prediction approach is designed on Miner’s cumulative damage 
theory, which accounts for the damage accumulated over every stress cycle. The 
investigator employed Miner’s rule to determine the cumulative damage from the 
various strain components. Failure occurs when the cumulative damage matches (or 









+⋯ = 𝑪                                                                           Equation 3. 38 
where 𝑛1, obtained from the rainflow algorithm, corresponds to the number of cycles 
of the strain component 𝑖 in the board response and 𝑁1, obtained from the E-N curve 
at the strain level 𝑖. C was experimentally found to be between 0.7 and 2.2, but for 
design purposes, it is usually assumed to be 1 (Hosford & Dowling, 2005; Lall et al., 
2012; Mui, 2009).  
Lin et al. (2017) examines solder joint reliability of plastic ball grid array package 
(PBGA) for high-reliability application. They investigated the crack failure behaviour 
of plastic ball grid array (PBGA) under mechanical vibration load. The researcher 
used the FEA technique to analyse the stress and strain distribution of the solder joint 
under the condition of the failure mode of the solder joint and random vibration load. 
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Fig. 3.37 shows the FEA model of the BGA device board surface scale (Lin et al., 
2017). 
The basic S-N curve for fatigue analysis is given as: 
𝑵 = 𝑲× 𝑺−𝒎                                                                                       Equation 3. 39 
where S is the stress amplitude; N is the number of cycles to fatigue failure, and K and 
m are the fatigue strength coefficient and fatigue strength exponent. 










                                                                                                       Equation 3. 40 
where 𝑛𝑖 is the number of cycles in the stress amplitude 𝑆𝑖, resulting from rainflow 
counting (RFC) (ASTM, 1999), and 𝑁𝑖  is the number of cycles corresponding to 
fatigue failures at the same stress amplitude.  
The results of the finite element are presented in Fig. 3.27. The researchers suggest 
that for the BGA surface-mount device with the surface array structure, the furthest 
corners at the centre of the device are the maximum stress-prone parts under the 
random vibration load condition is the highest significant point for fatigue cracking 
failure. The external edge of the interface between the solder joint and the PCB 
substrate pad is the most elevated stress and strain region, where the fatigue cracks 
first sprouts and spreads under stress to the solder joint, which ultimately leads to the 
cracking failure of the solder joint. The outcomes of finite element simulation analysis 
are incompatible with the reliability test results. It is essential to optimise the design 
of the package structure, the process parameters to optimise. Fig. 3.28 shows the 
stress and strain distribution of solder joint array and stress and strain maximum stress 
distribution of stress and strain distribution map. 
 
Che and Pang (2009) carried out the vibration reliability test and finite element 
analysis for flip-chip solder joints. The researcher used the linear cumulative damage 
analysis method (Miner's rule) to predict the flip-chip solder joint's vibration fatigue 
life. The authors used the FEA as a modelling method to calculate the natural 
frequency, and they then compared their result to experimental data. In conclusion, 
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the fatigue analysis provides a reasonable comparison to the vibration test result (Che 
& Pang, 2009). Furthermore, Yu et al. (2011) carried out a high-cycle fatigue life 
prediction for Pb-free BGA under random vibration loading. They developed an FEA 
assessment method to predict the fatigue life of electronic components under random 
vibration loading. The author obtained the resulting stress from the FE model through 
harmonic analysis in ANSYS. In conclusion, the FE model showed a great fatigue life 
prediction using Palmgren-Miner's rule to assess the BGA electronic devices' fatigue 











Figure 3. 27: The FE model of BGA device and Overall model and solder array displacement 






































Figure 3. 28: Stress and strain distribution of solder joint array and Stress and strain maximum 
stress distribution of stress and strain distribution map  (Lin et al., 2017) 
3.5 Summary 
In this chapter, the creep, fatigue and random vibration behaviours of solder joint 
alloys are reviewed. Although several researchers have investigated solder joint alloys 
in various capacities, none has studied the creep, fatigue and random vibration of the 
five solder alloys considered in this work, therefore the need for this research. The 
previous work also studied the creep phenomenon and the mechanism for creep 
induced fatigue failure, solder alloy creep model, creep induced fatigue failure, creep 
curve, and creep deformation. This section also reviewed the fatigue of solder joint 
alloys, such as the thermal fatigue failure and models, the modelling, the finite 
element analysis (FEA), fatigue life prediction, and some empirical techniques for the 
solder joint. The researcher also examined creep deformation, time-dependent 
plasticity, viscoplasticity and viscoelasticity, and the mathematical model from 
several high-impact peer-reviewed works of literature. The author also looked into the 
vibration reliability of a solder joint, including a model for evaluating the fatigue life 
prediction and assessing solder joint reliability.  
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CHAPTER 4 
MATERIALS AND METHODOLOGY 
 
4.1 Introduction 
This chapter deals with the simulation methodology and materials used in the 
investigation. It describes the materials, methods for each process (creep, fatigue and 
random vibration), and a description of test vehicles used in the ANSYS simulation 
software for lead-based eutectic Sn63Pb37 and lead-free SnAgCu (SAC305, SAC387, 
SAC396 and SAC405) solder alloys under thermo-mechanical processes of 
accelerated thermal cycling (ATC) and isothermal ageing processes for the failure 
criterion used in this investigation. Electronics are becoming lighter in weight and 
more powerful in operation. Heat is its by-product, adversely impacting the solder 
alloy materials. They are being used in more harsh and severe environmental 
conditions with greater reliance on their miniaturisations' performance. Fig. 4.1 shows 
electronic component schematics highlighting the different parts of the BGA solder 
joint's test vehicle soldered on the PCB model used in the FEA simulation study. 
 
Figure 4. 1:  BGA solder alloy soldered on PCB model highlighting the different parts of the test 
vehicle used for the FEA simulation 
4.2 Materials used in the FEA Simulation Studies 
Sn-Pb solder alloys are utilised widely in electronic applications for over 30 years 
until the government launched legislation covering the environmental impacts of lead 
(Pb) in electronics assembly on 1st July 2006. The Tin-Silver-Copper (SnAgCu) alloy 
combination is one of the most generally accepted lead-free solder alloys. The 
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selection of a solder alloy depends on one or more of the factors listed below (Hwang, 
1989): 
• The wettability on the substrate. 
• The temperature capacity, consideration for process and service temperature. 
• The service and environmental adaptability. 
• The metallurgical adaptability, review of the potential formation of 
intermetallic compounds (IMC).   
4.2.1 Lead-based Eutectic Sn63Pb37 
The lead-based eutectic Sn63Pb37 is an alloy with liquidus 183℃ (361℉), high 
purity, low dross, and complies with IPC J-STD-006. Every solder alloy has both a 
solidus and a liquidus temperature. The solidus temperature is the point below which 
the alloy is solid (not melted). The liquidus temperature is the point above which the 
alloy is completely liquid (melted). The physical and mechanical properties of lead-
based eutectic Sn63Pb37 is presented in Table 4.1. The lead-based eutectic Sn63Pb37 
is corrosion resistant with the excellent electrical property. They also create solder 
interconnects with superior mechanical strength suitable for electronic devices. The 
eutectic solders tend to have a bright and shiny appearance compared to the SnAgCu 
(SAC) solder joints with a dull and grainy appearance. 
4.2.2 Sn96.5Ag3.0Cu0.5  (SAC305) 
The SAC305 is a lead-free solder alloy that contains 96.5% tin, 3.0% silver, and 0.5% 
copper. This solder alloy falls under the Japan Electronics Industries Development 
Association (JEIDA) recommendation for lead-free soldering. The solder alloy 
possesses many advantages such as superior solder joint reliability, best wetting SAC 
alloy,  most economical cost SnAgCu alloy, exceptional fatigue resistance, and 
adaptability with all flux types. The physical and mechanical properties of SAC305 is 
presented in Table 4.1 
4.2.3 Sn96.5Ag3.8Cu0.7  (SAC387) 
SAC387 solder alloy is lead-free Tin/Silver/Copper Sn95.5Ag3.8Cu0.7 solder alloys 
for BGA and CSP electronic devices utilised by electronics and electrical 
manufacturing industries. The lead-free Tin/Silver/Copper contains 95.5% Tin (Sn), 
3.8% Silver (Ag) and 0.7% Copper (Cu). Its’ highlights comprise but not limited to 
compatibility with most flux type, excellence resistance, best solder joint reliability, 
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and low melting point for a lead-free alloy. The physical and mechanical properties of 
SAC387 is shown in Table 4.1. 
4.2.4 Sn96.5Ag3.9Cu0.6  (SAC396) 
SAC396 solder is a lead-free Tin/Silver/Copper alloy that contains 95.5% Tin (Sn), 
3.9% Silver (Ag), and 0.6% Copper (Cu), and it is often written as Sn95.5Ag3.9Cu0.6 
solder. This solder alloy contains the second-highest number of silver (Ag) content 
according to industry-standard (the first being SAC405). It is generally employed by 
electronics manufacturing companies working with LBGA, CSP, BGA, PBGA and 
CBGA components. It features the best wetting SAC alloy, compatible with all flux 
types, outstanding fatigue resistance, and best solder joint reliability. The physical and 
mechanical properties of SAC4396 is shown in Table 4.1. 
4.2.5 Sn95.5Ag4.0Cu0.5  (SAC405) 
SAC405 solder alloy is lead-free Tin/Silver/Copper that contains 95.5% Tin (Sn), 
4.0% Silver (Ag) and 0.5% Copper (Cu) often written as Sn95.5Ag4.0Cu0.5. The 
SAC405 solder alloy is more expensive than SAC305 and is utilised by electronics 
manufacturing industries working with PBGA, CBGA, LBGA, CSP and BGA. Its’ 
features include but not limited to exceptional fatigue resistance, compatibility with 
all flux types, great solder joint reliability and most excellent wetting SAC alloy. The 
physical and mechanical properties of SAC405 is presented in Table 4.1. 
4.2.6 Copper (Cu) Pads 
There are usually two varieties of pad designs which are solder mask and copper 
defined pad. However, numerous benefits and drawbacks of a non-solder mask 
defined pad otherwise identified as a copper defined pad and the solder mask defined 
pad. The benefits of the copper-defined pad are not limited to more friendly design 
traces. The pad size is comparatively small, the probability of accurately measuring 
the pad's position and size, and very good solderability. The demerits are the copper 
foil can be torn because of external forces, and as a consequence of the miniature 
natures of the pad, the padding strength of the pad attached to the circuit board is 
relatively small. For the solder mask defined pad (SMD), the benefits are not limited 
to be an exceptional selection for portable electronic devices such as mobile phones, 
enhances the reliability and robustness of BGA solder alloy, and the pads will 
efficiently enhance the strength of the SMD pads. The various limitations of the SMD 
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pads are that the fabrication method is much more complex and demands high 
precision, which raises the production costs; as a result of the increase in the Cu area, 
the trace area is comparatively decreased, and the traced design becomes exceedingly 
challenging; a worse position of the pads which may affect the size of the pads and 
the relative position because of the soldermask been more critical than the copper 
(Cu); and worse solderability because the soldermask is affected by high temperature 
in the reflow oven which in turn will affect the tin area of the solder paste. The author 
selected the SMD solder pads for this investigation. 
4.2.7 Epoxy-Resin 
The solder joints use epoxy-resin to maintain the durability and improve the solder 
joints' adhesion, contributing to increased insulation. The epoxy-resin is considered to 
have lower cost material, simplicity, and high reliability in the chip or package 
bonding. It has been broadly employed as a competing bonding material. The epoxy-
resin comprises conducting fillers made up of metallic particles and solder powder 
mixed with an epoxy polymer. The effect is a bonded joint that is robust and has high 
strength. Thus, they alleviate the short-term difficulties of short-circuiting produced 
by metallic whisker formation. The epoxy-resin is hugely used in automobiles and 
electronic packages. 
4.2.8 Silicon (Si) Die 
The die is a semiconducting material on which a circuit is built. The silicon dies a 
wholly functional chip comprised of circuitry to perform a precise function necessary 
to manufacture semiconductors in various electronic devices. 
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Ball grid array (BGA) has several benefits over other technologies and includes: 
• Enhanced re-workability, which result from larger pad sizes etc. 
• It reduces electronic package thickness, which is vital in several assemblies 
such as mobile phones, making it much thinner. 
• Better-quality soldering through the developments in manufacturing yields. 
The more expansive space allowed in BGA enables wide spacing between 
connections and a better level of solderability. 
• BGA package improves thermal and electrical performance by offering power 
and ground planes for low inductance through routing hear away from the 
pads etc. 
• BGA solder alloys enable efficient use of printed circuit board (PCB), 
allowing the connections to be made under the surface mount device (SMD) 
package and not just around the BGA periphery. 
The SnAgCu (SAC) solder alloys characteristics are presented in Table 4.2, showing 
their advantages and disadvantages, including RoHS, compatibility, reliability and 
solderability. The die is a semiconducting material on which a circuit is built. The 
silicon dies a wholly functional chip comprised of circuitry to perform a precise 
function necessary to manufacture semiconductors in various electronic devices. 
Table 4. 2: SnAgCu (SAC) Alloy Characteristics  
Advantages Disadvantages 
RoHS Compliant Melt temperature 
Compatible with other materials (Pb) Equipment compatibility 
Acceptable reliability Aesthetic issue 
Good soldering performance Cost 
 Drop-shock – Thermal cycling 
4.3 Test Vehicles Description used for the FEA Simulation  
4.3.1 Printed Circuit Board (PCB) 
The printed circuit board (PCB) is the most vital part of an electronic device. As a 
result of the essential role these boards play in all electronic devices such as 
calculators, computers, etc., selecting suitable materials is considered one of the 
crucial tasks undertaken with extreme caution for given devices' electrical 
requirements. As the miniaturisation of electronics devices arises, the race to develop 
more straightforward, simpler and more compact PCB has led to the development of 
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suitable and appropriate PCB materials. With PCB materials, the author route the 
BGA solder joint alloys between a host of different components. The metallic alloy 
facilitates the transfer of current between the PCB and any attached components 
known as solder. PCB commonly consists of varying heat sandwiched materials into a 
single layer and may incorporate materials from the top of the PCB to the bottom such 
as silkscreen, solder mask, copper and substrate. The substrate in the PCB is made of 
fibreglass and regarded as FR-4 (Fire Retardant), supplies a solid foundation for PCBs 
with a varying thickness according to how the PCB is to be utilised. The copper (Cu) 
is laminated onto the substrate with a combined mixture of adhesive and heat. The Cu 
layer is thin and can be on several PCB constitutes in two layers – one above and one 
below the substrate. This is usually applied for an electronics device where high 
reliability is required. PCB that has only one Cu layer is used for cheaper electronics 
devices (Pcbcart, 2020). The PCB dimensions are presented in Table 4.3, showing the 
pitch diameter, ball diameter before reflow, and SMD Pads along with the SMD PCB 
Land Pattern (Solder Mask Defined Pads) illustrated in Fig. 4.1. 
Table 4. 3: PCB Dimensions (Topline, 2020) 
Dimension Table 
SMD Pads 
S1 D1 TI 


















Figure 4. 2: SMD PCB Land Pattern (Solder Mask Defined Pads) (Topline, 2020) 
Content removed due to copyright 
reasons 
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4.3.2 Ball Grid Array (BGA) Solder Joints 
The ball grid array (BGA) components are an integral part of many electronic 
modules functioning in mission-critical systems. The BGA packages are widely used 
in modules because they have many advantaged over other electronic packages. They 
have improved re-workability while supporting the miniaturisation manufacturing 
trend. They enjoy a higher level of solderability while enabling efficient use of 
printed circuit board (PCB) in addition to supporting surface mount technology 
(SMT). A vital advantage of the packages is that they have improved thermal and 
electrical performance and reduced inductance compared to other packages. The 
design of the packages supports increased connectivity. The numerous advantages of 
the BGAs and their vast application, notwithstanding the modules' reliable operation 
with BGA components, depending on the thermal fatigue life of solder joints in the 
BGA.  
The ball grid array (BGA) is a surface mount devices (SMD) electronic component 
with the leads (Pb) before the European Union's Directive 2002/95/C, the Restriction 
of the Use of certain Hazardous Substances in Electrical and Electronic Equipment.  
(RoHS) on 1st July 2006. Right now, they are manufactured with SAC alloys. The 
BGA electronics package uses an array of metal spheres made of solder balls for 
interconnections and attached to a laminated substrate at the bottom of the electronic 
devices. The die/chip of the BGA is attached to the substrate by wire bonding or flip-
chip technology. The BGA interior consists of internal conductive traces that connect 
the die-to substrate bonds and the substrate-to-ball array bonds. The pin in a BGA is 
made of metallic balls of solder. BGA has several features, among which are high 
interconnection density, occupies lesser space on PCB, reduction in coplanarity 
problems, minimisation of handling issues, self-centring during the reflow process, 
which reduces installation difficulties during surface mount electrical and thermal 
properties better than conventional QFPs and PQFP's, and developed design-to-
production cycle time which can furthermore be employed in Multichip module 
(MCM) and Few Chip Package (FCP) (Shashikanth, 2019). 
There are several types of BGAs available in the market. The most popular types are: 
• Plastic over-moulded BGAs (PBGAs) 
• Flex Tape BGAs (TBGAs) 
• High thermal BGAs (H-PBGAs) 
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• High thermal metal top BGAs with low profile (HLPBGAs) etc. 
For this research, the author used BGA with 0.5mm pitch diameter, 36 balls, 6 × 6 
matrix, 3mm size with a silicon (Si) substrate as illustrated in Fig. 4.2 (other 
descriptions are presented in Figs. 4.3 – 4.5) for the FEA simulation in ANSYS 
environment. Table 4.4 shows the part number for the lead-based and lead-free solder 
balls. The daisy chain pattern test vehicle board is shown in Fig. 4.8, along with a 
BGA schematic on PCB in Figs. 4.6 – 4.7. The virtual model of the BGA on PCB is 
presented in Figs. 4.9 – 4.11. 














Figure 4. 3: (a) SolidWorks CAD drawing containing BGA with 36 balls in 𝟔 × 𝟔 matrix used for 
this research and (b) ball view of WLP36T.5C-DC0667D SAC solder joints model designed with 
SolidWorks 
 
Figure 4. 4: Right view of WLP36T.5C-DC0667D model designed with SolidWorks 




Figure 4. 5: Representation of BGA Solder Balls showing different parts of the BGA with other electronic 
components 
 
Figure 4. 6: BGA top view and ball view  
 
Figure 4. 7: Section view of BGA components 
Notes: Unless otherwise specifies 
• All dimensions are in mm. 
• Solder ball alloy (Table 4.5) 
• Ball diameter (before reflow): 0.30mm 
• Solder mask defined pad (SMD pad) 
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• Copper (Cu) pad diameter: 0.25mm 
• Substrate materials: Si (Silicon) 


















Figure 4. 8: Daisy chain pattern test vehicle board  (Topline, 2020) 
Notes: 
• PCB Cu ball pad diameter 0.25mm (9.8mil) 
• PCB daisy chain tracing line width 0.10mm (3.9mil) 
 
Figure 4. 9: Model design of BGA on PCB using SolidWorks 
Content removed due to copyright reasons 
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Figure 4. 10: (a) A submodel of the whole component (1/36 full model) and (b) mesh of the 
submodel with 67,123 nodes and 19,626 elements using with Hex-Dominant method 
= 
Figure 4. 11:  The virtual domain of quarter component model with a submodel (very fine mesh) 
of critical solder joint alloy in Hex- dominant mesh with 67,123 nodes and 19,626 elements 
4.4 Methodology and FEA Simulation Procedures 
4.4.1 Methodology 
 
The methodology used in this work is the FE simulation approach using the ANSYS 
software. Material properties for the lead-based eutectic Sn63Pb37 and lead-free 
SnAgCu (SAC): SAC305, SAC387, SAC396 and SAC405 solder alloy materials are 
sourced from several publications and peer-reviewed literature. The flow chart of the 
simulation methodology is presented in Fig. 4.12. For this research, the author 
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employed ANSYS workbench software to simulate and solve the FE model. The 
process includes:  
1. CAD Connectivity 
2. Geometry Pre-Processing 
3. Meshing 
4. Materials Support 
5. Boundary Condition Setup 
6. Analysis Types (Static structural) 
7. Post Processing  
8. Solution 
4.5 Failure Analysis using Finite Element Modelling (FEM) 
The usage of finite element (FE) in engineering applications has developed rapidly 
over the years. Finite element analysis (FEA) is established on a numerical 
computation that computes all boundaries and parameters specified. Supported by 
robust computer processors and continuous software development, the finite element 
methodology is quickly evolving. The usage of finite element analysis is not restricted 
to the engineering field alone, as there are also geospatial and medical applications. 
The initial development of the finite element can be traced back to the work of 
Williamson (1980), followed by the work of Martin, which applied the answers for 
structural analyses at Boeing Company in the 1950s. Additional examination by 
Martin (1966), Williamson (1980), Clough (2004), and Karayan et al. (2012) 
technologically advanced the central mathematical equation for the finite element 
technique (Clough, 2004; Karayan et al., 2012; Martin, 1966; Williamson, 1980). 
 
The application of FEA simulation in mechanical applications has increased in recent 
years. The continuous attempts to develop the computations have been precisely 
integrated into real environments as a sign of computer evolution. The FEA has 
evolved to be an indispensable mechanism for improving the design quality in 
numerous applications. The FEA is defined as a computer-based system to solve 
problems utilising numerical resolutions. The analysis includes a process built to 
create a geometrical model of the structure divided into single nodes or elements. FE 
modelling develops several understandings into the engineering analysis that cannot 
be obtained with the conventional failure analysis method. Traditional commercial 
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software such as ANSYS® and ABAQUS® has been widely applied to study defects 
or failures and restore possible root causes. The images and animations produced by 
the simulation software support providing a more critical understanding by reflecting 
on the failure experience's reason. 
Usually, the FE method consists of three steps: 
1. Pre-processing, where the analyst produces the FE mesh and employs distinct 
boundaries or parameters to the model. 
2. Solver or solution, where the program runs the absolute numerical equation 
that was generated by the FE model. 
3. Post-processing, where the result is appraised and checked for further 
examination.  
Researchers such as Okereke and Keates (2018) has published several finite element 
articles such as finite element applications (Okereke & Keates, 2018) and the design 
of simple finite element modelling solver (Okereke & Keates, 2018a), which 
describes the application of FE modelling principle to the solution in a real-life 
problem using industry-standard FE packages such as ABAQUS, ANSYS, and LS-
DYNA. The authors' publications on finite element mesh generation also discussed 
how the mesh quality has been essential if FEM is accepted as too coarse mesh would 
result in incorrect FEM solutions. The investigators also reemphasise that the more 
refined the mesh, the better the numerical solution's mesh convergence. In other 
words, a finer mesh also tends to be costly in terms of computing resources as it takes 
time to complete a complex model. Knowledge in producing a suitable mesh for a 
given problem is indispensable. The fundamentals of FE meshes in defining the nodes 
and elements, and the principles behind meshing algorithms in commercial FEM 
solver such as ANSYS used in this work is of utmost importance to investigators, 
electronic industry and the academic society. Several researchers such as (Couvat et 
al., 2010; Madenci & Guven, 2006; Paydar et al., 1993; Stolarski et al., 2006; 
Zienkiewicz et al., 2013) have described finite element modelling and analysis. 
Researchers must recognise that there are several restrictions in the finite element 
method software such as computer simulation and stress concentrations (large stress 
in the material in a very small area). The capacity to describe and analyse the system 
and model will determine the FEA simulation results' quality. Explicit evaluations of 
any failure occurrence need a broad strategy to determine the source of the failure. 
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FEA simulation for mechanical failure has developed to be a critical mechanism that 
is readily achievable, as the FEA software is readily available for users. FEA is 
usually applied in failure analysis evaluation when analysing the qualitative and 
quantitative procedures employed in deciding the underlying source and principle, 
leading to a failure. The FEA software presents a historical framework knowledge 
associated with the failure with other boundary conditions.  Ortiz et al. (1987), Borst 
et al. (1993), and Karayan et al. (2012) study provide an instance of a mechanical 
failure analysis assessment that utilised FEA software to validate the conclusions 
about the failure occurrence in a component (De Borst et al., 1993; Karayan et al., 
2012; Ortiz et al., 1987). 
4.5.1 FEA Simulation Process 
The FEA simulation was conducted using ANSYS software. Different methods are 
required in the simulation study in this investigation. The simulation method begins 
with the research design, production of FE model using SolidWorks, inputting the FE 
model file (Parasolid) into ANSYS software, model set-up (includes mesh 
convergence, mesh generation and geometry, material properties input, and 
application of load and boundary conditions). Structured meshing usually enables the 
user to control interior node locations and sizes better as internal node placement is 
directly linked to the user-defined exterior nodes. The FEA simulation output is set 
for creep failure, fatigue failure and random vibration as shown in Fig. 4.12 and 
finally analysing the resulting output in terms of failure criterion for creep and fatigue 
failure such as equivalent (Von mises) stress, strain (total and plastic), strain energy 
density, and deformation. The outputs obtainable for the random vibration analysis 
results are the deformation, elastic strain, and equivalent stress. 
4.6 Methodology used for Creep Behaviours of Solder Joints 
The methodology employed in this investigation is finite element modelling (FEM). 
Complete detail of the materials used for the study is covered in section 4.2. The 
details of the FEM are presented thus: 
4.6.1 Convergence and Mesh Independence Study 
The approved mesh convergence study method needs a curve of a significant result 
parameter such as deformation and stress plotted against the mesh density. Fig. 4.13 
shows the result obtained after simulation for a mesh of one critical solder ball (with 
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121,270 nodes and 72,651 elements) with simulated deformation and Von mises 
stress effects of lead-free SAC305 solder alloy meshed in tetrahedrons. At least three 
convergence runs are necessitated to plot a curve which can then be applied to 
determine if convergence is attained or how far away the most refined mesh is from 
full convergence. Nevertheless, if two runs of varying mesh density produce an 
identical result, the author must have already obtained convergence, and no 
convergence curve is needed. The element size selected for this research ranges from 
0.01 – 0.003 mm. The model is then regularised for mesh dependency. At an element 
size of 0.023 mm, which was used in the meshing, a convergence was observed (Figs. 
4.14 and 4.15) where the deformation evolution curve is flat, and there are no more 
changes for the next three or subsequent convergence runs. After convergence and 
mesh independence study, the author used a meshed solder joint model with 121,270 
nodes and 72,651 elements for the FEA simulation in an ANSYS environment. 
The procedure described earlier results in a single solution for the given mesh that 
was utilised. Mesh independence study is carried out using the three steps below: 
Step 1:  
Run the initial simulation with initial mesh and ensure convergence of residual error 
too. If not, refine the mesh and repeat once again. 
Step 2:  
Once the convergence standards in step 1 for the first simulation have been satisfied, 
refine them to achieve more adequate results. Typically, we would aim for 1.5 times 
the initial mesh size. The monitored point values from Step 2 are then correlated 
against the values from Step 1. If they are the same, then the mesh at Step 1 was 
accurate adequately to obtain the result. If the value achieved in Step 2 is not inside 
the Step 1 result's permissible values, it suggests that the solution is changing because 
of mesh resolution. Therefore, the solution is not, however, independent of the mesh. 
In this instance, we will need to move to Step 3. 
Step 3: 
Because the solution is changing with mesh refinement, we have not yet achieved a 
mesh independent solution. Therefore, we need to refine the mesh more and repeat 
the process until we have a solution that is independent of the mesh. We always use 
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the smallest mesh that gives the mesh independent solution, which reduces the 
simulation run time. From convergence vs simulation solve time presented in Figs. 
4.13 and 4.14, we could see where both lines cross each other, and the 
deformation/Von mises stress continues with three convergence runs with no further 
changes observed. The element size, which shows a very fine mesh, is then used in 
the mesh generation and additional simulation. 
 
Figure 4. 12: FEA Simulation procedures used in the research 
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Figure 4. 13: Mesh of critical solder joint of a quarter model (with 121,270 nodes and 72,651 
elements) and simulated Deformation and Equivalent (Von mises) stress results of lead-free 
SAC305 solder meshed in tetrahedrons  
 
Figure 4. 14: Trend line of convergence vs simulation solve time for Deformation of lead-free 
SAC305 solder alloy showing the asymptotic line  
 
Figure 4. 15: Trend line of convergence vs simulation solve time for Equivalent (Von Mises) 
Stress of lead-free SAC305 solder alloy showing the asymptotic line 
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4.6.2 Solder Mesh Optimisation 
Global-local modelling techniques are needed for board-level finite element 
modelling and simulation where full 3D geometric details of the solder, PCB and 
several electronic packaging assemblies are modelled. The author conducted a 
calibration example to study the accuracy of the sub-modelling and the appropriate 
cut boundary. The submodelling technique can be used in FEA simulation for 
reliability analysis of surface-mount technology (SMT) without accuracy loss. The 
SMT is a method in which the electrical component is mounted directly onto the 
surface of a printed circuit board (PCB). When the electronic component is mounted 
on a PCB, we refer that to a surface mount device (SMD). The submodelling 
technique's benefits include reducing computational time, hard disk space, and 
smaller virtual memory requirements with fewer elements used (Pang, et al., 2003). 
This modified submodelling approach of the optimal solder is a simple but effective 
approach to predicting the deformation and the package's reliability. It facilitates 
reductions in the number of elements/nodes to enhance computing accuracy and 
efficiency. 
 
In the submodelling method, the global model's displacement results are used as 
boundary conditions in the finely-meshed sub-model, leading to consistent and 
accurate results. The analysis is conducted in two steps; first, a "global model" 
(coarse) is solved with the full BGA array, and the critical joint is identified; then 
critical joint (detailed far corner joint with fine mesh) is analysed using submodelling 
(Deshpande et al., 2014). Lall et al. (2007, 2009) investigated cohesive-zone explicit 
sub-modelling for shock life-prediction in electronics. They utilised the submodel 
with hexahedral-element. Their model prediction shows a better correlation with 
experimental data. The researchers used the same model in a separate work titled the 
explicit submodelling and digital image correlation-based life-prediction of lead-free 
electronics under shock-impact. They investigated the lead-free alloys for 
Sn1.0Ag0.5Cu and Sn3.5Ag solders. The Timoshenko beam sub-models with 
cohesive zone elements have been used to model the solder interconnected and 
concluded that the researchers could use the approach for damage equivalency and 
life prediction of packages as a function of package location in the electronic 
assembly (Lall et al., 2007, 2009). 
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Zhang et al. (2007) investigated a global-local strategy for mechanical deformation 
and fatigue durability of microelectronic packaging systems. The researchers showed 
a global-local approach for predicting mechanical deformation and fatigue durability 
of solder joint alloys in electronic devices under cyclic thermal loading. Their study 
includes a local critical solder–joint analysis, a fatigue life analysis and global 
deformation analysis. The global deformation analysis comprises a novel optimisation 
formulation for defining an equivalent model. The method was developed for super 
ball grid array (SBGA) and fine pitch ball grid array (fpBGA) packages. The result of 
the initial mesh of the solder balls is a diamond shape with two parameters. The 
optimisation algorithm is introduced to obtain the optimal model (Zhang et al., 2007).  
 
Krishnamurthy et al. (2016) investigated the multi-design variable optimisation of the 
QFN package on thick boards for enhanced board-level reliability. Their research also 
applied the submodelling approach to get more accurate results and better 
computational efficiency (Krishnamurthy et al., 2016). Fan et al. (2006) studied the 
effect of finite element modelling techniques on solder joint fatigue life prediction of 
flip-chip BGA packages. They employed various modelling methodologies such as 
global/local modelling (submodelling) and sub-structure modelling (super element). 
In their work, they concluded that the global/local modelling approach yields 
satisfactory results and that linear hexahedral element with reduced integration is 
recommended. The only exception to this is if the package and PCB undergo 
significant bending, which is not supported in this scenario. The research concluded 
that the quadratic hexahedral element gives the most accurate results but significantly 
increases the computational time (Fan et al., 2006). 
4.6.3 Finite Element Modelling (FEM) 
The finite element modelling (FEM) has been widely and effectively used to research 
thermo-mechanical reliability of electronic components mounted on PCB. This 
section presents the modelling procedure adopted in carrying out the study: 
4.6.3.1  Finite Element Model (FEM) and Methodology 
A three-dimensional (3D) FE model of a BGA package soldered on PCB is created 
using SolidWorks software. The full FE model is illustrated in Fig. 4.16 (a), along 
with a quarter of the entire model presented in Fig. 4.16 (b). The details of the 
package before assembling on a PCB is shown in Fig. 4.17, while Fig. 4.18 presents 
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the detailed structure of a bump after assembling on a PCB. The components of the 
BGA package includes silicon (Si) die, substrate, solder ball, epoxy-resin and copper 
(Cu) pad. The details of the package and the component dimensions are presented in 
Tables 4.5 and 4.6. The FE model has adequately meshed before inputted into 
ANSYS FEA software, where the author simulated its static structural response to 
induced thermal loads.  
The recommended PCB pads and dimensions are obtained from TopLine (2020). The 
necessity to use a quarter of the whole model presented in Fig. 4.16 is to reduce 
simulation solve time and processes since the aim of the research is to investigate the 
BGA solder joint in the package for thermo-mechanical reliability. It also augments 
functional test design and evaluation because the whole assembly is big and complex; 
much time is needed to complete a simulation; therefore, a quarter symmetry is 
perfect for running several simulations. 
 
Figure 4. 16: (a) Full Model of assembly (b) A quarter assembly of the model with meshing on a 
PCB using the solder joints as the interconnection technology (with 226,252 nodes and 59,105 
elements) 
 
Figure 4. 17: Details of the BGA package before assembling on a PCB showing: (a) SolidWorks 
full model (b) Sectional view (measurements in mm)  
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Figure 4. 18: Solder structure in the FE model with a detailed X Plane- BGA structure in 
tetrahedrons mesh (measurements in mm) 























4.6.4 Materials and their mechanical properties used in the assembly 
The materials used in the BGA assembly and their mechanical properties are shown 
in Table 4.7 with the creep constitutive constants for solder joint alloys in Table 4.8. 
The material properties used in this FEA simulation are obtained from various works 
of literature. The assembly's critical component material includes solder alloys, 
Copper (Cu) pad, epoxy-resin, mask, and silicon (Si) die. The assembly had the 
intermetallic compounds (IMC) during the creep response version in this work. The 
author modelled all the BGA components as linear elastic and isotropic substances 
Content removed due to copyright reasons 
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except the PCB, and the solder joint alloys, which are simulated using the 
orthographic material properties and Garofalo creep relations. Under varying 
operating conditions, solder joint alloys experience several loading conditions, which 
comprise thermal cycling, fatigue, and vibration. As a result, solder may creep and 
rupture. Therefore, creep is regarded as the dominant deformation mechanisms in the 
solder joint alloys (Barbini & Meilunas, 2013; Lau & Engel, 1993). The author 
modelled the thermo-mechanical behaviour of the silicon (Si) die, epoxy-resin board, 
Copper (Cu) pad and PCB mask as isotropic, linear elastic and temperature 
independent. To limit the simulation time and retain enough accuracy, the author 
modelled only the solder joints in non-linear behaviour.  
The author modelled only the solder joints in non-linear behaviour to limit the 
simulation time and retain enough accuracy. Furthermore, the available published 
constitutive properties of lead-free solder alloys are limited, and validation of some 
existing models is still ongoing. For this study, lead-based solder alloy's creep 
behaviour is assumed to obey the Garofalo-Arrhenius creep constitutive law. Fig. 
4.18 presents a plot of the properties of the materials employed for the FEA 
simulation showing the Young's Modulus (GPa), CTE (ppp/℃) and Poisson's ratio 
respectively. 
Table 4. 7: Mechanical properties of materials in BGA on PCB solder joints assembly  


















4.14   30.0   0.40   
3 Cu Pad 
(Nguyen et 
al., 2010) 
















56.0   20.0   0.30   
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(Wiese et al., 
2001) 




2.63 × 103 0.0453 5.0 52.40 
SAC387 
(Schubert et al., 
2003) 
3.20 × 104 0.0370 5.1 65.30 
SAC405 
(Wang et al., 
2005) 
1.7 × 10 0.14 4.2 55.00 
SAC396 
(Lau et al., 
2003) 
4.41 × 105 0.0050 4.2 45.00 
 
The Garofalo Hyperbolic Sine Law (Garofalo & Butrymowicz, 1966) which describes 
the creep behaviour of materials in a wider range of temperature and strain rates is 





                                                                         Equation 4. 1                                                                                      
where ̇ is creep strain rate, 𝐴 is a material constant, 𝛼 is a multiplier of hyperbolic-
sine law, which is obtained from curve fitting to experimental data by using linear and 
nonlinear least square regression, 𝜎 is the applied shear stress, 𝑛 is the stress exponent 
which can be determined from creep deformation map, it can be found that the 
deformation mechanism is dislocation creep, so n is between 5 and 7. Q is the 
activation energy, R is the universal gas constant, and T is the temperature in Kevin.  
Eq. (4.1) is then re-written into Eq. (4.2) in the required format of input for implicit 






                                                                  Equation 4. 2                                                                             
4.6.5 Loading and Boundary Conditions 
Two specific loading conditions used in this investigation are isothermal ageing and 








45.0   17.6   0.36   
9 SAC405 
(Eckermann 
et al., 2014) 
44.6   20.0   0.42   
10 SAC396 
(Stoyanov 
et al., 2009) 
43.0   23.2   0.30   
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the development of solder joints. This study investigates thermal ageing for short and 
long-term effects on solder joints in harsh environments. The solder joints are aged at 
−40, 25, 75 and 150℃ for 45 days (64,800 mins) in an ANSYS environment. The 
research conducted by Sabbah et al. (2017) examined the high-temperature ageing of 
microelectronics assemblies with SnAgCu solder joints. They studied the failure 
mechanism and microstructure evolution of lead-free (SAC) solder joints at a 
maximum temperature of 175℃ (Sabbah et al., 2017). The BGA soldered on PCB 
was simulated using the properties of the material presented in Tables 5.4 and 5.5 for 
the lead-free SnAgCu (SAC) and lead-based eutectic Sn63Pb37 solder alloys. The 
ageing parameters are relevant for harsh application environments under the hood of 
automotive, aerospace, and defence applications. 
Several studies, including one by Ma et al. (2007) and Chauhan et al. (2010), have 
established how SAC soldiers' creep resistance decreases with an increase in time and 
temperature during thermal ageing. Their research reviewed the full effect of ageing 
on lead-free solders' creep behaviour, focusing on lead-free SAC305 and SAC405. 
They also carried out other experiments for varying temperature duration from 3 to 
63 days at room temperature (Chauhan et al., 2010; Ma et al., 2007b). Ma et al. 
(2007) similarly examined the influence of elevated temperature ageing on lead-free 
solder joints' reliability. The investigators cited that the lead-free SAC alloys and 
lead-based eutectic samples were aged at various intervals from 0 to 6 months at 
several elevated temperatures (80,100,125 and 150℃). The researchers performed an 
analogous creep test with the lead-based eutectic Sn63Pb37 solder sample to evaluate 
and validate results purposes (Ma et al., 2007b). 
For the thermal cycling, the FE models were subjected to six complete ATC’s in 36 
steps shown in Fig. 4.20 The temperature loading started from 22℃, dwelled at 
−40℃,  at the rate of 15℃ /min and ramped up to 22℃,  for 1,380 s and excursion 
temperature (ET) of 150℃,  for 1,908 s where it dwelled for 600 s. This based on 
IEC 60749-25 temperature cycling and JEDEC Standard JESD22-A104D (JEDEC-
JESD22-A104D, 2014). The ambient temperature used is 22℃ which the starting 
temperature in the thermal cycle loading. This thermal cycling profile is used to 
accurately simulate the actual cycling profile used during the thermal load test. The 
solder joints are at homologous temperature during the loading. The composition of 
lead-free SnAgCu and the lead-based eutectic Sn63Pb37 solder alloy materials are 
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shown in Table 4.9. Devices for this profile are applicable in automotive and 
semiconductors used in power supply controllers. The assemblies were supported 
such that the conditions of the structure at the supports are presented in Fig. 4.19. 
 
Figure 4. 19: Assembled structure of BGA solder alloys soldered on PCB showing conditions at the support 
(mm) 
 
Figure 4. 20: Thermal Cycling conditions used in the FEA simulation 
The application of six thermal cycles generates relevant data that facilitates a more 
reliable conclusion of the solder joint alloys' response to the induced loads. 
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Furthermore, electronic engineers and industry can use the data acquired from this 
investigation for enhanced design and better-quality development of solder joints in 
BGA assembly for improved thermo-mechanical reliability. 
 
The impact of thermal cycling and ageing on the solder joint alloy's improvement 
cannot be underrated. The behaviour of lead-free solder joint alloys in electronic 
devices is continually advancing when the electronic devices are exposed to 
isothermal ageing and accelerated thermal cycling (ATC) environments. This 
research investigated both phenomena throughout the short- and long-term ageing of 
solder joint alloy in severe environmental conditions. In this study, we have 
considered a creep temperature of −40, 25, 75 and 150℃ for 45 days (64,800 mins) 
of the thermal ageing test. Furthermore, the activation energy's predicted value shows 
that mass transport controlled through grain boundary diffusion is vital for lead-rich 
coarsening under ageing treatment. The BGA soldered on the PCB model was 
simulated in this study using the properties of the material shown in Table 4.4 for the 
lead-free SAC and lead-based eutectic Sn63Pb37 solder joint alloys for 45 days. The 
investigator could observe that cracks and ruptures are revealed to develop around the 
solder balls flanges, top and bottom of the solder bumps. The results show that these 
areas require the highest reliability observation. Ageing effects for lead-free solder 
materials used in this research are especially significant for the harsh applications 
environments present in the underhood of automotive, aerospace, and defence 
applications. The author employed the same methodology used in the FEA simulation 
for the thermal cycling and thermal ageing test. The composition of lead-free eutectic 
and lead-based SAC solders test samples are presented in Table 4.9. 










1 SAC305 Sn-3.0Ag-0.5Cu 
Solidus: 217℃ JEITA 
(Japan) Liquidus: 220℃ 
2 SAC387 Sn-3.8Ag-0.7Cu 
Solidus: 217℃ European Union 
 (EU) Liquidus: 219℃ 




4 SAC396 Sn-3.9Ag-0.6Cu Solidus: 217℃ iNEMI 
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Liquidus: 221℃ (USA) 
5 Eutectic Sn63Pb37 
Solidus: 183℃ Eutectic lead-based  
(Standard) Liquidus: 183℃ 
4.6.6 Basic Assumptions employed in the FEA simulation used in ANSYS 
The basic assumptions employed in the finite element modelling and analysis for the 
research methodology include:  
• All materials, including the solder joint alloys, were assumed homogeneous at 
load steps. 
• The author assumed the assemblies to be in a stress-free state at room 
temperature of 22℃ which was also the starting temperature of the thermal 
cycle loading.  
• The initial stress in the assemblies, which may be accumulated from the 
reflow soldering process, is neglected, and all contacting surfaces are assumed 
to be bonded with perfect adhesion. 
• The material property of the solder bump is nonlinear and temperature-
dependent. In other words, others are linear and temperature-independent. 
• The author did not consider process variations. 
• Every interface of the materials is assumed to be in contact with each other. 
• The author modelled all the materials as linear elastic and isotropic materials 
except the solder and PCB, which are simulated using the Garofalo creep 
relations and orthographic materials, respectively. 
4.7 Methodology used for Fatigue Behaviours of Solder Joint (Thermal Cycling 
Test) 
4.7.1 Mesh Convergence and Independence Study 
A mesh convergence study establishes that the model has converge to a solution. It 
additionally confirms mesh independence, and that further refinement is irrelevant 
and does not take much for an FEA simulation to produce results. Nevertheless, for 
results to be credible, we must determine that results converge to a solution 
independent of the mesh size. The results of the model must be autonomous of the 
mesh size. A convergence study guarantees that the FEA model captures the system's 
behaviour while reducing the FEA simulation time. A fine or very fine mesh is 
applied in the region of high-stress gradients, and coarse mesh is ignored. The more 
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the mesh becomes finer, it does require considerably high CPU simulation solve time. 
Solder joint alloy materials are susceptible to significant creep deformations in harsh, 
high-temperature environments such as oil exploration, automotive, avionics, and 
military applications. Also, degradations will occur in lead-free solder alloys' creep 
responses when exposed to long-term thermal ageing during product applications at 
high temperatures. 
4.7.2 Geometrical and Mesh Models 
The BGA package includes solder ball, silicon (Si), die substrate, copper pad and 
epoxy-resin. The requirement to use a quarter of the whole model is to reduce CPU 
simulation solve time and processes. It also augments functional test design and 
evaluation because the complete assembly is big and complex; therefore, significant 
time is required to complete the simulation process. The properties of solder materials 
are highly temperature and rate-dependent (Siewert et al., 2002). 
4.7.3 Finite Element Model Simulation 
The finite element model (FEM) often provides a more efficient way to obtain and 
understand the assembled solder interconnections' behaviour. The quarter model of 
BGA on PCB structure was established because of the assembly's geometric 
symmetry, reducing the computational procedure. The linear element is used for 
meshing all the materials except solder joints. The linear element (8-nodes element), 
which describes the viscoplastic material behaviour, is employed to mesh solder joints 
in FEA software. The model of BGA solder joints and PCB structure under 
consideration consists of lead-based eutectic Sn63Pb37 and lead-free SAC305, 
SAC387, SAC396 and SAC405 solder joints, and selective mesh refinement is used 
to concentrate highly refined element in the solder joints where is most likely to fail. 
Moreover, the author applied zero displacement constraints of the cross-area's vertical 
direction to the quarter model's cross-sections; namely, all nodes on the symmetric 
surface (X = 0, Z = 0) were fixed in the corresponding directions (X, Z). The author 
fixed the node at the origin (X = Y = Z = 0) in any directions. The author used the 
ANSYS R19.0 software for the finite element model simulation. The meshed parts of 
the solder balls undergo a mesh convergence to arrive at a converged solution. This 
research's microelectronics package model includes a PCB, Silicon (Si) Die, copper 
(Cu) pad, epoxy-resin, solder balls, and mask. 
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4.7.4 Material Properties and Parameters 
Except for the PCB, the material properties are linear and temperature-dependent. The 
material properties used are obtained from several works of literature. The critical 
materials used in the assembly in mounting the BGA on PCB are solder alloys, copper 
(Cu) pad, epoxy-resin, solder mask, and silicon (Si) die. The author modelled all the 
materials as linear elastic and isotropic except the PCB and the solder alloys, which 
was simulated using the orthographic materials and Anand models, respectively, to 
determine the parameters used for the fatigue life prediction models of Engelmaier, 
Coffin-Manson, Solomon (Low cycle fatigue) and Syed (Accumulated creep energy 
density). The author modelled all the material properties employed for the FEA 
simulation analyses and are presented in Table 4.10 and 4.11. Table 4.11 shows the 
Anand model constant for the solder alloys. The most significant materials properties 
used in ANSYS software for the FEA simulation are Young’s modulus, CTE and 
Poisson’s ratio. The constant values are then inputted into ANSYS 19.0 software and 
solve for a solution. 














110.0   2.60   0.24   













29.9 25.1 70.0 12.0 15.0  0.16 0.14  
Sn63Pb37 
(Long et al., 
2018) 




51.0   23.5   0.40   
SAC387 
(Beyer et al., 
2019) 




43.0   23.2   0.30   
SAC405 (Eckermann 44.6   20.0   0.42   
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𝐬𝐨(𝐌𝐏𝐚) 3.1522 45.9 20.0 39.5 3.3 
𝑸
𝑹
 (𝑲−𝟏) 6,526 7,460 10,561 8,710 9,883 
𝐀 (𝒔−𝟏) 6,220 5.87 × 106 325 24,300 
1.57
× 107 
𝝃 3.33 2.00 10.00 5.8 1.06 
𝐦 0.27 0.0942 0.32 0.183 0.3686 
𝐡𝐨(𝐌𝐏𝐚) 60,599 9,350 8 × 10
5 3,541.2 1077 
?̂? (𝐌𝐏𝐚) 36.86 58.3 42.0 65.3 3.15 
𝐧 0.022 0.015 0.02 0.019 0.0352 
𝐚 1.7811 1.5 2.57 1.9 1.6832 
4.7.5 Loading and Boundary Conditions 
In completing the FEA simulation for the thermal cycling analysis, the ambient 
temperature cycle is the external load. The author subjected the FE models to six 
complete ATC’s in 36 steps presented in Fig. 4.18. The thermal cycling temperature 
used is from -40℃ to +150℃ with 15℃/min ramp, and 5 mins dwell based on IEC 
60749-25 temperature cycling and JEDEC Standard JESD22-A104D (JEDEC-
JESD22-A104D, 2014; JEDEC Solid State Technology Association & JEDEC, 2009; 
JEDEC Standard, 2004). The quarter assembly components were first heated from 
room temperature 22℃, which is the starting temperature in thermal cycle loading 
with constant heating rate. They are also assumed to be at a homologous temperature 
(TH) at loads steps. The temperature loading started from 22℃, dwelled at -40℃ at 
the rate of 15℃ /min, and ramped up to 22℃  for the 23 mins and excursion 
temperature (ET) of 150℃ for 31.8 mins where it dwelled for 5 mins. The automotive 
under-hood, military and semiconductors in power supply controllers are several 
applications of this profile.  





110   23.0   0.23   
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The application of six temperature cycles is sufficient to get stable results, facilitating 
a more reliable conclusion of the response of the solder joints to the induced loads. 
Furthermore, the author used the data acquired from this investigation for enhanced 
design and better-quality invention of solder interconnections in BGA assembly for 
improved thermo-mechanical reliability. Based on the guidelines from standards and 
peer-reviewed literature, thermal cycle parameters values identified are presented in 
Table 4.12. The duration of one thermal cycle results from the selected parameters is 
43 mins. A visual representation of the thermal cycle profile is shown in Fig. 4.20. 
The thermal cycling temperature of -40℃  to +150℃  used in this research was 
according to the IEC standard 60749 – 25. This part of IEC 60749 – 25  provides a 
test procedure for determining the ability of semiconductor devices and components 
and board assemblies to withstand mechanical stresses induced by alternating high 
and low-temperature extremes. 
Table 4. 12: Thermal Cycling test parameters  
Temperature Cycle Profile Commercial 
𝐓𝐦𝐢𝐧 (℃) -40 
𝐓𝐦𝐚𝐱 (℃) 150 
Ramp Rate (℃/𝐦𝐢𝐧) 15 
Dwell Time (𝐦𝐢𝐧) 5 
Ramp Time (𝐦𝐢𝐧) 23 
Cycle Period (𝐦𝐢𝐧) 43 
For the thermal ageing FEA test, the author used a constant temperature range of 
−40℃ to + 150℃ for 45 days (64,800 mins). The model was simulated at a 
continuous temperature of -40℃ , 25℃ , 75℃  and 150℃ , respectively. All other 
conditions employed for the thermal cycling test applies here. ANSYS simulation 
software was used and maintained at a constant temperature over 45 days. Other 
simulation conditions such as materials properties, loading and boundary conditions 
and finite element modelling remain constant. The researchers performed an 
analogous creep test with the lead-based eutectic Sn63Pb37 solder alloy to evaluate 
and validate results purposes  (Ma et al., 2007). 
 115 
4.8 Methodology used for Random Vibrations 
4.8.1 Finite Element Analysis (FEA) for Vibration Test 
The finite element analysis (FEA) is performed with the commercial software 
ANSYS R19.0. Since the solder balls are too small to measure the stresses directly, 
the author employed FEA alternatively to obtain the stresses for the fatigue estimation 
of the electronic components. In getting a numerical deformation, every material of 
the BGA on a PCB package is correctly modelled. By examining the problem's 
symmetries, a submodel of a quarter of the BGA electronics component is modelled 
to reduce computing time. The elastic behaviour is analysed for the materials of the 
assembly, which are given in Table 4.13. A global-local approach employing the 
submodelling method is applied to evaluate the critical solder ball's strain, stress, and 
deformation effects. Fig. 4.21 presents the very fine mesh of the solder ball associated 
with the global model. A coarse mesh for all other components of the model is used in 
the ANSYS simulation environment. First, the 3D-model of the BGA electronic 
assembly is created, and modal analysis is carried out to characterise its dynamic 
response. The natural frequencies and mode shapes are computed and correlated with 
experimental modal analysis obtained from several peer-review literatures. The 
materials used for the investigation is detailed in section 4.2. 
 
Figure 4. 21: Full component model with a submodel showing very fine mesh of solder alloy 
The local model is finally used, and a finite volume-weighted averaging technique is 
applied to describe the strain response of the critical solder joint in a specific zone Eq. 








                                                                                            Equation 4. 3 
where ∆ 𝑖 is the strain in the 𝑖-th element, 𝑉𝑖 is the volume of the 𝑖-th element and 𝑛 
the number of elements in the volume of the chosen area of interest.   
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                                                                                          Equation 4. 4 
where ∆ 𝑒 is the elastic strain amplitude, 2𝑁𝑓 the number of reversals to failure, 𝜎𝑓
′ 
the fatigue strength coefficient, 𝐸  the elastic modulus and 𝑏  the fatigue strength 
exponent.  
Therefore, it is very important to study the stress and deformation of solder joint in 
electronics packaging under external random vibration loads. For free vibration 
analysis, the natural circular frequencies 𝜔𝑖 and mode shapes ∅𝑖 are: 
([𝑲] − 𝝎𝒊
𝟐[𝑴]){∅𝒊} = 𝟎                                                                     Equation 4. 5 
Assumptions:  
where stiffness matrix [𝐾] and mass matrix [𝑀] are constant: 
• The electronics structure can be constrained or unconstrained. 
• {𝐹} is not present, so no excitation of the electronics structure is assumed. 
• [𝐶] is not present, so damping is not included. 
• Small deflection theory is used, and no nonlinearities included. 
• Linear elastic material behaviour is assumed. 
− Mode shapes {∅𝑖} are relative values, not absolute 
4.8.2 Finite Element Modelling (FEM) 
The test vehicle presented in section 4.3.2 has been modelled using the ANSYS FE 
methodology. For the FEA simulation model considered in this report, mechanical 
properties – Young’s modulus (GPa), Poisson’s ratio and mass density 
(kg cm3⁄ ) uses the experimental values reported from articles and peer-reviewed 
literature and are presented in Table 4.13. In high cycle fatigue studies, the stress, 
strain and deformation are estimated to assume that the creep and elastic response are 
neglected under vibration loading because the PCB displacement is low. Other 
models in the components are meshed in coarse mesh to improve the computation 
speed and accuracy. The solder joint of interest is meshed in a fine or very fine mesh 
using the hexahedron method because of its proficiency and precision on the stress 
response. The hexahedron is made up of several tetrahedron elements (Okereke & 
Keates, 2018b). 
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Table 4. 13: Material and mechanical properties parameters used for the random vibration 
analysis 
 
4.8.3 Meshing and Boundary Conditions 
The quality of the meshing determines simulation accuracy. To do this conveniently, 
the PCB and BGA solder joints are divided into several parts, focusing on the solder 
joint alloys. The author used the Hex-dominant method to model all the components 
because of its precision on stress-related results, including the PCB. The BGA solder 
meshed in a fine or very fine mesh while the other less significant parts adopted the 
roughly coarse meshing method as presented in Fig. 4.20. The mesh has a node of 
67,123 and elements of 19,626, respectively. 
4.8.3.1 Assumptions and Restrictions 
• Light damping. 
• No time varying forces, displacement, and pressures. 
Materials Reference 
Young’s 





(𝒌 𝐠 𝐦𝟑⁄ ) 













129.0   0.34   8940 
PCB 
( Amalu & 
Ekere, 2016) 





29.9 25.1 70.0 0.16 0.14  1850 
Sn63Pb37 
(Long et al., 
2018) 




51.0   0.40   7400 
SAC387 
(Beyer et al., 
2019) 




43.0   0.30   7300 
SAC405 
(Eckermann 
et al., 2014) 
44.6   0.42   7440 
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• Room temperatures is applied. 
• No time varying stiffness, damping and mass. 
• No random properties. 
4.8.4 Steps in ANSYS Modelling 
The following two steps are carried out in the ANSYS simulation modelling for 
random vibration analysis:  
Step 1:  
Global modelling: Global modelling aims to find the critical local ball and provide 
driving boundary conditions for the subsequent sub modelling analysis. For the 
symmetrical plane, the global model comprised one-fourth of the entire package. 
Meshing is done with the hexahedral element with 19,626 elements, which is 
contributed by 67,123 nodes. Symmetrical boundary conditions are applied along the 
centre line of the PCB. The diagonal bottom corner node is constrained with boundary 
condition Uy = 0 to prevent free body translation. 
Step 2:  
Local modelling: The local model contains the most critical solder joint located in the 
package, where the maximum accumulated strain rate, stress magnitude and 
deformation take place. The submodel was meshed in Hexahedral because of the 
precision of Tetrahexahedons on the accumulated stress.  
4.8.4.1 Analysis Steps of Sub-Models 
• Generates and analyse the original model.  
• Performs the modelling and analysis of the whole BGA on PCB.  
• The submodel from the package is created from the critical solder joints. 
• Specifies boundary conditions. 
• Solve and analyse results output. 
4.9 Summary 
An overview of the methodologies used in the simulation of the lead-based eutectic 
Sn63Pb37, and lead-free SAC305, SAC387, SAC396 and SAC405 solder joint alloys 
have been presented. The research and development in selecting the proper SnAgCu 
(SAC) solder alloys are subject to the availability of material properties used in the 
FEA simulation in the ANSYS environment and has been widely accepted as the best 
alternative to the lead-based solder alloys. Therefore, this chapter covers the 
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methodology, FEA simulation processes and procedures, including the FEA 
simulation's material properties for the creep behaviour, fatigue behaviour, and 
random vibration analysis. A detailed test vehicle description, including the ball grid 
array (BGA) and printed circuit board (PCB), was also presented, incorporating the 
simulation process's FE model.  
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CHAPTER 5 
CREEP BEHAVIOURS OF BGA SOLDER 
INTERCONNECTS THROUGH THERMAL CYCLING 
AND ISOTHERMAL AGEING 
5.1 Introduction 
Several factors influence solder joint reliability and significantly reduces the lifetime 
of the joint. Recognising these factors and mitigating their effect during the 
electronics design and manufacturing phases can substantially reduce expensive and 
difficult-to-solve situations in the device package life cycle. Electronic package 
loading during field operations can be modelled using thermal cycling and isothermal 
ageing. Thermal ageing of solder joints produces changes in solder microstructure 
which triggers creep failure (Hasnine et al., 2014; Motalab et al., 2012; Zhang et al., 
2012; Zhang et al., 2008b). Comprehensive knowledge and understanding of these 
systems' failure are essential in preventing the electronic devices' untimely failure 
(Borgesen et al., 2013; Hasnine et al., 2014; Huang et al., 2012; Hwang & Vargas, 
1990). Temperature cycling produces thermal stress in the solder joints, which 
culminates in fatigue failure.  
The solder interconnections deteriorate due to creep response, which depends on 
temperature, ageing, stress, strain, and solder grain size Depiver et al., 2019; Depiver 
et al., 2019b). The response is modelled using a variety of creep relations based on 
the Garofalo-Arrhenius creep model. Constitutive models employed for solder alloys 
have been reported by Basaran et al. (2005) (Basaran et al., 2005) and Gomez and 
Basaran (2006) (Gomez & Basaran, 2006). An analysis of the models shows that a 
solder alloy's creep behaviour depends on ageing, stress, temperature, and solder 
grain size. Fatigue is dominant during cycling between the extremes, while creep is 
dominating mechanism during the dwelling period and at high temperature. 
The ageing effect on lead-free solder alloys was studied at different ageing times by 
Mustafa et al. (2011). They found that ageing time affects SAC alloys' cyclic stress-
strain behaviour (Mustafa et al., 2011). The effect of the isothermal ageing on ball 
grid array (BGA) packages was investigated as well by Zhang et al. (2013). The 
results showed a higher reduction in the packages' reliability that have solder balls 
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with lower silver content (Zhang et al., 2013). Athamneh and Hamasha (2019) study 
the fatigue behaviour of SAC-Bi and SAC305 solder joints with ageing. They 
investigated the effect of adding Bismuth on the mechanical reliability of SnAgCu 
alloys considering different loading and ageing conditions. The fatigue behaviour and 
shear strength of individual SAC305 (Sn3.0Ag-0.5Cu) and SAC-Q (Sn-3.4Ag-0.5Cu-
3.3Bi) solder joints are examined and compared. The results show that the fatigue life 
and shear strength of SAC-Q with Bi are much higher than SAC305 regardless of the 
ageing and stress conditions. The author also found that increasing stress amplitude 
leads to a decrease in the fatigue life for both alloys (Athamneh & Hamasha, 2019). 
The literature reviewed on lead-free SAC solder alloys materials has shown that 
ageing is generally detrimental to their constitutive and failure behaviours (Dalton et 
al., 2018; Panov, 2006; Wang, 2001). In particular, large degradations have been 
observed in ball shear strength (Ma & Suhling, 2009), elastic modulus (El-Daly et al., 
2015; El-Daly & Hammad, 2010), drop reliability (Chiu et al., 2004), fracture 
behaviour (Ding et al., 2004), microstructure (Akhtar et al., 2015; Chen et al., 2012; 
Fu et al., 2019), creep behaviour (Amalu, 2012; Zha, 2016; Zhang et al., 2009), 
thermal cycling reliability (Cai et al., 2010; Hai et al., 2015; Lall et al., 2019; Motalab 
et al., 2013), Anand model parameters (Motalab et al., 2013, 2016), nanoindentation 
joint modulus and hardness (Hasnine et al., 2014, 2015; Hasnine et al., 2013), high 
strain rate mechanical properties (Lall et al., 2013), uniaxial cyclic stress-strain 
curves and fatigue life (Mustafa et al., 2011, 2014), and shear cyclic stress-strain 
curves and fatigue life (Mustafa et al., 2012, 2016). 
In this work, the reliability of lead-based eutectic Sn63Pb37 and lead-free 
96.5Sn3.0Ag0.5Cu (SAC305), 95.5Sn3.8Ag0.7Cu (SAC387), 95.5Sn4.0Ag0.5Cu 
(SAC405), and 95.5Sn3.9Ag0.6Cu (SAC396) solders are compared for thermal 
cycling and isothermal ageing using FEA simulation and considering material 
properties such as C.T.E, Poisson ratio and Young’s modulus. With the results 
obtained from the various Sn/Ag/Cu alloys using the lead-based eutectic Sn63Pb37 
solder as a reference benchmark, this research determines the solder alloy that will be 
best suited for various applications such as underhood of an automobile, power grid 
etc., especially under harsh environmental conditions. 
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5.2 The Modelling Process 
The steps considered in this investigation for the modelling process is shown in Fig. 
5.1. The first step is the research design, including the simulation and design 
guidelines and operation model. The next step is the creation of the FE Model. This is 
created using SolidWorks. The author could also use other methodologies, including 
DesignModeller in ANSYS. The model from the SolidWorks file (Parasolid) is then 
inputted into the FEA software ANSYS. The investigators may also use other 
simulation software such as Nastran, ABACUS, and CAEplex etc. This model from 
SolidWorks is transferred into the ANSYS software for FE simulation and model set-
up, including mesh geometry, constitutive materials relation and material properties. 
Mesh convergence and optimisation are also completed before the model is finally 
simulated in ANSYS.  
Additionally, the load and boundary conditions are specified, and the component 
mesh is generated and defined. The set-up will also involve determining the output 
parameters such as equivalent (Von mises) stress, strain, strain energy, and 
deformation. The mechanical modeller is then run to simulate the package 
assemblies’ responses to the induced temperature cycling load shown in Fig. 4.20 
(section 4.6.5). 
5.3 Submodelling Methodology 
5.3.1 Definition and Advantages  
The submodelling method enables the investigator to accurately model the inelastic 
strain, stress, deformation, and strain energy of the solder joints. It consists of 
representing the worst-case solder joint with coarse mesh elements and in considering 
material non-linearities. The solder joints material is deemed to possess a rate 
dependent plasticity. 
The benefits of submodelling are: 
• Refining of the local grid to get accurate results of the local model.  
• Allows the simplification of the overall analysis of the model and ignores any 
local geometrical characteristics.  





Figure 5. 1: A schematic of the modelling processes 
5.3.2 Theory of Submodel  
The submodelling process can be employed to the problem when the size of the entire 
3D model is too large for complete simulation, and the solution of the possible 
significant region is needed. In sub-modelling, the whole model's behaviour, also 
referred to as a global model, is analysed first. Submodelling techniques are preferred 
for a global model because of saving computational time and costs. Because of the 
 124 
precision in determining the stress values using the tetrahedral meshing approach, the 
author used hexahedral mesh in simulating the submodel with 121,270 nodes and 
72,651 elements like the global model, which is critical. The other part of the 
submodel was meshed in the coarse mesh as we focus our attention on the critical 
solder joint. 
5.3.3 Analysis Steps of Submodel 
• Generates and analyses the original model to performs the modelling of the 
overall package.  
• Create the submodel.  
• Determine the boundary conditions and materials properties.  
• Solves and analyses submodel results. 
Based on the simulation result, an FE model was set to investigate the critical corner 
BGA solder joint's failure in the electronics component. 
5.4 Solder Joint Failure Criteria 
An essential feature of a BGA electronic package’s reliability is the stability and 
durability of solder joint alloys. One of the most typical indications of failure in 
electronics is an open circuit as a result of solder joint cracking, including a complete 
fracture through the cross-section of the solder joint as presented in Fig. 5.2, showing 
a typical sample of solder joint cracking in a plastic ball grid array (PBGA) 
packaging. This failure mechanism is defined as fatigue failure because of plastic 
deformation in response to stress relaxation, applied mechanical stresses, fracture of 
brittle IMC, cyclic creep, strain rate, and strain energy density. A solder joint in a 
failed package is often surrounded by solder joint alloys that have not yet failed or 
ruptured. Consequently, the solder joint alloy ruptured surfaces often develop to make 
compressively loaded contact after cracking. Because of thermal changes, cyclic 
plastic strain, and shear stress, these are the primary source of stress-strain induced on 
the solder joints. Because of this basis, the rough fracture surfaces of failed solder 
joint alloys slide with one another during ATC, producing electrical transients that are 
indicative of the short-circuiting on the solder joints (Engelmaier & Turbini, 1995; Qi 











Figure 5. 2: Typical BGA solder joint crack after a thermal cycling test (Qi et al., 2008) 
Failures are defined based on the increase in resistance (Hasnine et al., 2014; 
Muthuraman & Canete, 2018; Shen et al., 2017; Solberg, 2000), resistance 
thresholds, or electrical discontinuities (Barbini & Meilunas, 2013; Chaparala et al., 
2006; Kuo et al., 1995). Four standards are currently in use by the electronics 
manufacturing industry to specify solder joint failure criteria during reliability and 
qualification tests of surface mount technology (SMT) solder joints. These are IPC-
SM-785 (Werner Engelmaier, 1992), IPC-9701 (IPC-9701, 2002; IPC-9701A, 2006), 
JESD22-B111 (JESD22-B111, 2003), and IPC/JEDEC-9702 (IPC/JEDEC-9702, 
2004). Electronics manufacturing companies have generally adopted these test 
standards or customized their standards, as presented below: 
• IPC-9701 describes failure standards based on the measurement method 
selected. It is noted in the standard that is irregularly measuring resistance 
using probes is not a good option for continuous monitoring of an electrical 
daisy chain. The failure criteria advised in IPC/JEDEC-9702 for monotonic 
bend characterisation of board-level also interconnects a 20% increase in 
daisy-chain net resistance (IPC-9701, 2002; IPC-9701A, 2006; IPC/JEDEC-
9702, 2004). 
• IPC-SM-785 recommends continuous monitoring of daisy-chain continuity 
test loops to detect a failure. The standard states the polling interval should be 
2 s or less (Engelmaier, 1992). 
• JESD22-B111 stipulates that the solder joint failure criteria for board-level 
drop tests (JESD22-B111, 2003). 
• Similar to IPC/JEDEC-9702, JESD22-B111 and IPC-SM-785, IPC-9701, it 
stipulates in-situ electrical monitoring of daisy chain nets for failure through 
Content removed due to copyright 
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each drop. It affirms that all nets' electrical continuity should either be 
detected by an or event detector or high-speed data acquisition system. 
Studies by Qi et al. (2008) achieved similar appraisals. In a sense, all of these criteria 
are subjective because the relationship between the crack area of the solder joint and 
the change in the joint's resistance has not been determined. The failure differs from 
the three IPC standards addressed previously because of drop test characteristics. 
Besides the electrical discontinuity aspect, this standard also points out that a visible 
separation of the test board component, even without a significant rise in resistance or 
intermittent discontinuity, shall also be regarded as a failure (Qi et al., 2008).  
 
The solder joint failure is due to crack initiation and propagation through a joint. Still, 
the cracks' location and nature depend on numerous determinants such as joint 
configuration, intermetallic structure, strain rate, and temperature regime rate are 
some of the factors that influence the mechanism of a solder joint failure (Darveaux et 
al., 1995). The crack initiates typically at high-stress concentration sides. The 
direction of propagation depends on the relative degree of tensile versus loading and 
shape of the joint. Higher joint stresses due to higher strain rates or creep resistant 
solders result in more fractures near solder/component pad interfaces. Interfacial 
fracture is more apparent with poor intermetallic/solder adhesion, brittle intermetallic, 
and or depletion of a solder constituent adjacent to the intermetallic layer. IMC may 
reduce solder joint reliability in that they generate excessive stress concentration 
points as the layer become thicker. And as IMC is a very brittle material, they are also 
likely to fracture. As the IMC grows, the solder at the interface becomes drained of Sn 
at the Sn-Pb solder interface; they will produce a lead-rich solder alloy layer. 
Although lead is very ductile, its strength is deficient (Hossain et al., 2004). 
 
This study utilises the failure criterion based on maximum strain values obtained from 
FEA simulation. Several investigations have examined different solder joint alloys 
reliability interests in electronic devices. These include portable electronic devices 
(PEDs) in the consumer electronics sector and high-reliability military hardware, and 
an automobile's under-the-hood. However, no investigations have compared and 
benchmarked the five solder joint alloys (lead-based eutectic Sn63Pb37 and lead-free 
SnAgCu (SAC): SAC305, SAC387, SAC396 and SAC405) examined in this research. 
These lead-free alloys are used in the assembly of these electronic devices. In the ever 
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miniaturisation of electronic manufacturing trend amidst increasing functionality, the 
identification and knowledge of an excellent lead-free solder and its adoption in 
electronics manufacturing will increase its' reliability. This proposition necessitates 
this study and informs the solder joint alloys comparison (Depiver et al., 2020).  The 
objectives of this study are: 
• Investigate creep response of solder joints of lead-based eutectic Sn63Pb37 
and four essential lead-free Tin-Silver-Copper (SnAgCu) solder alloys under 
thermal cycling loadings.  
• Investigate the creep response of lead-based eutectic Sn63Pb37 and four key 
lead-free Tin-Silver-Copper (SnAgCu) solder alloys under isothermal ageing.  
• Simulate, using the Garofalo-Arrhenius creep model, the solder joint alloys' 
responses in the systems and obtain the magnitude of stress, strain, strain 
energy density, and deformation in the solder joints.  
• Evaluate the stress-strain hysteresis loop on the solder joint alloys. 
• Advice, based on the outcomes acquired from the studies, on effective lead-
free solder joint alloys, which will be a suitable replacement of lead-based 
eutectic Sn63Pb37 solder joint alloy for the variable conditions studied in this 
chapter. 
5.5 Model Results and Discussions 
The results of this investigation are presented under five critical headings for the 
entire model. These are mesh convergence, isothermal ageing, thermal cycling 
loading, stress-strain hysteresis loop, and solder joints' reliability. 
5.5.1 Study of Mesh Convergence on Solder Joint Stress and Deformation 
The author carried out a convergence study on the FE modelling to determine the fine 
or very fine mesh for reliable results. The significance of conducting a mesh 
convergence and independent study in this research is paramount because choosing 
the wrong mesh size will result in a significant error in the findings. The convergence 
chart for the deformation and Von mises stress for the SAC305 model mounted on a 
PCB is presented in Figs. 4.13 and 4.14 (section 4.5). The material properties and 
boundary conditions in Table 4.7 are used in simulating the critical solder joint alloy 
in the quarter model presented in Fig. 4.15 (b), along with the result of FE simulation 
displaying the distribution of deformation on the solder bump, which shows the 
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colour contour to be enough.  The model is inputted into the ANSYS software after 
setting up the boundary conditions and material properties and then simulated. The 
most effective and reliable technique for estimating mesh quality is continuously 
refining the mesh until a decisive result is obtained. The maximum stress or 
deformation in a specific location converges. The difficulty with this approach is that 
it demands repeated re-meshing and re-solving operations. While this approach is 
excellent for simple models such as one shown in Fig. 4.15 (b), it can be very time-
consuming for complex and complicated models, as shown in Fig. 4.15 (a). The 
author simulated the model shown in Fig. 4.15 (b) until the mesh becomes “a fine or 
very fine mesh” after converging to a solution with 121,270 nodes and 72,651 
elements enough for the model converges to a solution. 
5.5.2 Study of Isothermal Ageing on Solder Creep Response 
Electronic devices containing BGAs soldered on PCB operate in constant, elevated 
thermal conditions. The constant, elevated temperature operation induced degradation 
in the BGA joints. The joint degradation is determined by modelling the BGA 
assembly with isothermal loading and the solder with a suitable creep model. The 
prediction is imperative, considering that solder creep deformation is significant at 
device operating at homologous temperature circa ~0.5 and above. For isothermal 
ageing, the temperatures considered are −40℃,25℃, 75℃ and 150℃, respectively, 
while the corresponding homologous temperatures (TH)  for the solder alloys are: 
0.50, 0.65, 0.76 and 0.93 for lead-based eutectic Sn63Pb37; 0.46, 0.60, 0.71 and  0.86 
for SAC305; 0.47, 0.61, 0.71 and 0.86 for SAC405; 0.46, 0.61, 0.71, and 0.86 for 
SAC387 and 0.46, 0.60, 0.70 and 0.86 for SAC396. The FEA simulation results show 
that creep occurs faster at high-levels (constant stress) and high temperatures, which 
will accelerate the creep process.  
On the other hand, low temperatures and initial stress levels will slow the process 
(Wellman Inc, 2010). Also, the author observed that stress increases with the rate of 
deformation. The critical strain occurs at the top and bottom of the solder joint alloy 
at a high homologous temperature, which decreases gradually as the temperature 
decreases. The author investigates the effect of isothermal ageing on creep response 
in four different contexts which are discussed below: 
 129 
5.5.2.1 Study of Thermal Ageing on Creep Response on Equivalent Total Strain on 
Solder Joint Alloys  
The test vehicles are simulated for the influence of isothermal ageing on the joint’s 
degradation. The output function of the FE simulation is the total strain on the 
solders. The results obtained are presented in Figs. 5.3 and 5.4. The plot of equivalent 
total strain, ε against temperature is shown in Fig. 5.3. A positive linear correlation 
describes the relationship between the two quantities. For SAC387, the relation is 
explicitly stated thus: ε = 0.00009T − 0.0018  while for SAC405 it is,  ε =
0.00003T − 0.0008. Electronic manufacturing engineers can use this relationship to 
predict the strain of untried temperatures. The author could observe in Fig. 5.4 that 
SAC405 accumulated the lowest amount of strain, whereas SAC387 accumulated the 
highest magnitude. At 25℃ ambient temperature, all the solder joint alloys have zero 
strain magnitude, and at temperatures lower and higher than this critical point, they 
demonstrate negative and positive strain values, respectively. Knowledge of the strain 
response of the solders is used to predict their stress response at various temperatures. 
Figs. 5.4 and 5.5 show the schematic distribution of strain in the solder joints at 25℃ 
and 150℃, respectively. The regions of maximum damage are seen at the top of the 
joints. This is a critical site for failure; thus, this is the location for strengthening.  
 
Figure 5. 3: Plot of equivalent strain vs temperature for eutectic lead-based Sn63Pb37 and lead-
free SAC solders subjected thermal ageing 
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Figure 5. 4: Schematic of equivalent total strain for (a) Sn63Pb37 (b) SAC305 (c) SAC405 (d) 
SAC387 and (e) SAC396 solders after isothermal ageing modelling at 25℃ 
 
Figure 5. 5: Schematic of equivalent total strain for Sn63Pb37, SAC305, SAC405, SAC387 and 
SAC396 solders after isothermal ageing modelling at 150℃ 
5.5.2.2 Study of Thermal Ageing of Creep Response on Strain Energy Density on 
Solder Joint Alloys 
The strain energy density 𝐸𝑑 dissipated by the solder joints during isothermal ageing 
is investigated via the FEA simulation for 45 days (64,800 mins). The plot is shown 
in Fig. 5.6. It is observed that a parabola fits the plotted points. The parabola for  
SAC387 is expressed as 𝐸𝑑 = 0.0003T
2 + 0.0483T − 1.2915 while the expression 
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for Sn63Pb37 solder is 𝐸𝑑 = 0.00009T
2 + 0.0064T − 0.4012. The plot presented in 
Fig. 5.6 shows that the lead-based eutectic Sn63Pb37 solder alloy has the lowest 𝐸𝑑 
followed closely by SAC405 solder. SAC387 accumulated the highest 𝐸𝑑 density and 
thus is more susceptible to failures than the rest of the solder alloys examined. 
Extrapolating the plot and using the mathematical expressions generated, the 𝐸𝑑 of 
the solders at several untried temperatures can be predicted. Figs. 5.7 and 5.8 show 
the regions of solder joint with critical strain energy magnitude at 25℃ and 150℃, 
respectively. The author observed that the top of the solder joints experiences the 
highest strain energy because of the uniform distribution of energy. 
 
Figure 5. 6: Plot of strain energy density vs temperature for lead-based eutectic Sn63Pb37and 
lead-free SAC solders subjected thermal ageing 
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Figure 5. 7: Schematic of strain energy for (a) Sn63Pb37 (b) SAC305 (c) SAC405 (d) SAC387 and 
(e) SAC396 solders after isothermal ageing modelling at 25℃ 
 
Figure 5. 8: Schematic of strain energy for Sn63Pb37, SAC305, SAC405, SAC387 and SAC396 
solders after isothermal ageing modelling at 150℃ 
5.5.2.3 Study of Thermal Ageing of Creep Response on Solder Joint Deformation 
on Solder Joint Alloys 
The total deformation obtained is regarded as the vector sum of all directional 
displacements of the solder joint alloy assembly. The deformation results for the 
solders considered in this research is presented in Figs. 5.9 – 5.11. Fig. 5.9 shows that 
SAC387 has the highest deformation, while SAC405 accumulates the lowest 
deformation. Figs. 5.10 and 5.11 depict the deformation gradient with an area of the 
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critical magnitude shown in red colour at 25℃ and 150℃ respectively. The higher 
the free deformation, the less the stress accumulated in the solder joints. The total 
deformation plot presented in Fig. 5.9 follows a linear gradient line with the highest 
deformation = 0.0526T − 1.1565  for the SAC387 and lowest deformation  =
0.0416T − 0.9089 for SAC405 solder on the SAC solder alloys. The schematic of 
total deformation for lead-based eutectic Sn63Pb37 and lead-free SAC (SAC305, 
SAC405, SAC387 and SAC396) solder alloys after thermal ageing modelling at 25℃ 
and 150℃ are presented in Figs. 5.10 and 5.11, respectively. 
 
Figure 5. 9: Deformation vs Temperature schematic for lead-based eutectic Sn63Pb37 subjected 
to isothermal ageing for 45 days 
 
Figure 5. 10: Schematic of deformation for (a) Sn63Pb37 (b) SAC305 (c) SAC405 (d) SAC387 
and (e) SAC396 solder alloys  after isothermal ageing modelling at 25℃ 
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Figure 5. 11: Schematic of total deformation for lead-based eutectic Sn63Pb37, and lead-free 
SAC305, SAC405, SAC387 and SAC396 solder alloys after isothermal ageing modelling at 150℃ 
5.5.2.4 Study of Equivalent (Von Mises) Stress Magnitude (Isothermal Ageing) On 
the Solder Joint Alloys 
The equivalent (Von Mises) stress accumulated in the solder joint is a measure of the 
joint's creep degradation. It is found that the magnitude of Von-Mises stress at 25℃ 
is low compared to other temperatures. The low value is attributed to the limited 
ability of solder alloy to creep at low temperatures. The SAC405 is observed to have 
accumulated the lowest equivalent (Von Mises) stress magnitude, followed by 
SAC396 solder alloy. The SAC305, lead-based eutectic Sn63Pb37 and SAC387 
solder alloys have the highest equivalent (Von Mises) stress, as presented in Fig. 
5.12. The stress analysis shows that the crack is likely to initiate at the top and bottom 
of the solder bumps, as shown in Figs. 5.13 and 5.14, respectively, which depicts the 
stress distribution gradient at 25℃  and150℃  respectively. The equivalent (Von 
Mises) stress plot presented in Fig. 5.12 follows a linear gradient with stress,  σ =
3.152T − 68.167  for the SAC305 solder with the highest stress magnitude, σ =
1.543T − 34.983 for SAC405 solder alloys with the lowest stress magnitude. The 
solder recorded the least magnitude of stress. The schematic representation of the 
stress distribution is presented in Figs. 5.13 and 5.14. The illustration shows that the 
top and bottom of the solder bumps accumulate the most severe damage. These are 
the site of crack initiation and propagation. The electronic manufacturing industries, 
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educational organisation (for R&D and engineers) could use the relationship between 
the stress and corresponding temperature equation to obtain the equivalent (Von 
Mises) stress of untried temperatures, which is handy and could be employed by the 
electronic manufacturers and engineers to predict the appropriate stress level exerted 
on solder joint at that particular thermal excursion under thermal ageing. 
 
Figure 5. 12: Von Mises stress plot vs Temperature for lead-based eutectic Sn63Pb37 and lead-
free SAC solder alloys subjected isothermal ageing 
 
Figure 5. 13: Schematic of Von Mises stress for (a) Sn63Pb37 (b) SAC305 (c) SAC405 (d) 
SAC387 and (e) SAC396 solder alloys after isothermal ageing modelling at 25℃ 
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Figure 5. 14: Schematic of Von Mises stress for Sn63Pb37, SAC305, SAC405, SAC387 and 
SAC396 solder alloys after isothermal ageing modelling at 150℃ 
5.5.3 Effect of Accelerated Thermal Cycling (ATC) on Solder Alloy Creep 
Response  
Similar to the discussion on isothermal loading, the analysis of the effect of thermal 
cycling on solder creep response is investigated and presented in three contexts. These 
are discussed thus: 
5.5.3.1 Study of Thermal Cycling (Creep Response) of Equivalent (Von-Mises) 
Stress on Solder Joint Alloys. 
Cyclic thermal stress in electronic packages is known as a fundamental challenge to 
electronics reliability. The reliability is associated with crack initiation and 
propagation, which culminates in systems failure if not controlled. The simulation 
output results are used to plot Fig. 5.15. The plot shows linear distributions in the first 
cycle for all the solder alloys, which peak between the first and second cycles and 
remain constant for the majority of the cycles except in some cases like the SAC387, 
Sn63Pb37, SAC396 and SAC405 where the slope either increase or decrease in 
which case the gradient/cycles is determined and indicates the stress concentration 
areas on the solder bump. 
The schematic presented in Fig. 5.16 shows a generic profile for all the solder joint 
alloys except SAC387. At the beginning of the cycle, solder joints are not stressed. At 
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about 2000 s of cycle time, the solders accumulated a significant amount of stress. 
Further cycling up to 16,000 s produces a 6% stress increase on the lead-free 
SAC305, SAC396 and lead-based eutectic Sn63Pb37, respectively. The stress 
accumulated in SAC405 is relatively unchanged over the cycle time while the stress 
accumulated in SAC387 decreases. Fig. 5.16 shows the schematic stress distribution 
in the solder bump. The figure shows that the stress is critical at the edges of the 
solder bump. Thus, it is a desirable area for crack nucleation. Generally, SAC305 
accumulated the highest stress magnitude while SAC405 accumulated the lowest 
stress magnitude. Lead-free SAC405 is the most stable and, therefore, less likely to 
attain its yield stress first. This implies that this section of the solder joints is a critical 
failure site where crack initiation and propagation is most likely to begin. This 
observation agrees well with the experimental results by Mi et al. (2014) presented in 
Fig. 5.17, whose outcome showed greater solder joint degradation at the corner of the 
solder/Cu pad interface (Mi et al., 2014). 
 
Figure 5. 15: Plot of equivalent (Von Mises) stress for lead-based eutectic Sn63Pb37 and SAC 
solder alloys subjected thermal cycling 
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Figure 5. 16: Schematic of equivalent (von-Mises) stress for (a) Sn63Pb37 (b) SAC305 (c) 
















Figure 5. 17: Crack image after 2500 thermal cycles (a) A complete solder joint (b) a corner of 
BGA side  (Mi et al., 2014) 
5.5.3.2 Study of Strain Rate on the Solder Joint Alloys Subjected to Thermal 
Cycling 
The strain rate outputs of the simulation are shown in Figs. 5.18 and 5.19. Similar to 
the stress, the strain rate ramped up substantially at 2,000 s of the cycle time. For the 
following 14,000 s, the strain rate has increased circa 5.0% for SAC305, SAC396 and 
Sn63Pb37. There are observed to decrease in the change in strain rate for SAC405 
and SAC387. These characterise the behaviour of the solder joints under the thermal 
cycle and over the time range. The author identifies that SAC387 and SAC405 
accumulated the highest and least strain rate in the solder joints. Fig. 5.19 shows 
areas with high strain rate concentration coloured red. It is therefore suggested that 




SAC405 is the most stable solder joint alloy during the thermal cycle loading, while 
SAC387 is the least stable joint. 
 
Figure 5. 18: Plot of Equivalent total strain for eutectic Sn63Pb37 and SAC solder alloys 
subjected to thermal cycling 
 
Figure 5. 19: Schematic of total strain for (a) Sn63Pb37 (b) SAC305 (c) SAC405 (d) SAC387 and 
(e) SAC396 solder alloys after thermal cycling modelling 
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5.5.3.3 Study of Thermal Cycling (Creep Response) of Strain Energy Density on 
Solder Joint Alloys 
The FEA simulation results obtained for the solder joint alloys' strain energy density 
are presented in Figs. 5.20 and 5.21. The figures show profiles as described for stress 
and strain in the previous sections. The magnitude of the creep strain energy 
accumulated in various solder joints varies. The author could see from Fig. 5.20 that 
SAC387 has the highest strain energy density while SAC405 and lead-based eutectic 
Sn63Pb37 have the lowest strain energy density for lead-free and lead-based solder 
alloys, respectively. The schematic of the damage distribution and strain energy 
density for the solders is presented in Fig. 5.21. The critical portion of the solder 
bump is shown in red colour. The strain energy density exerts an essential effect on 
the solder joint alloys. It establishes the relation between the amount of energy used 
to deform a volume of the solders and imposed strain. The strain energy density on 
the solder joint alloys is a valuable parameter used to formulate failure criteria for the 
solder alloys. It is a constant damage parameter for both low and high cycle fatigue in 
both uniaxial and multiaxial cyclic loading conditions. The results have shown 
comparable agreements with several experimental peer-reviewed works presented in 
Figs. 5.27 – 5.32 indicating equivalent failure sites for the strain energy density on 
the solder joint alloys. 
 
Figure 5. 20: Strain energy density plots for lead-based eutectic Sn63Pb37 and SAC solder alloys 
subjected to thermal cycling 
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Figure 5. 21: Schematic of strain energy for (a) Sn63Pb37 (b) SAC305 (c) SAC405 (d) SAC387 
and (e) SAC396 solders after thermal cycling modelling 
5.5.3.4 Study of Thermal Cycling (Creep Response) on Solder Joint Alloy 
Deformation 
The FEA simulation result on deformation for solder joint alloys subjected to thermal 
cycling is presented in Figs. 5.22 and 5.23. A significant difference is observed in the 
solder bumps damage. The author can see from Fig. 5.22 that SAC405 was found to 
accumulate the lowest deformation rate as the cycling progresses while SAC387 
accumulates the highest deformation rate. Areas of critical deformation damage are 
shown in Fig. 5.23. From the plot, the author deduced that SAC387 failed due to 
crack initiation at the boundaries close to the solder joint substrate interface at 40% of 
the time compared to the SAC405, lead-based eutectic Sn63Pb37 and SAC396. Both 
SAC405 and SAC396 reveals a lower deformation rate on the solder alloys. The 
solder alloys exhibit a linear relationships in the first cycle and peak between the first 
and second cycles which then remained constant for the remaining cycles (that is 
from second to the sixth cycles). This deformation behaviour shows that the solder 
alloys have a close relationship. More significant deformation was observed on the 
SAC387 and SAC305 under current stressing, with the lowest deformation observed 
on the SAC405, Sn63Pb37 and SAC396, respectively. At a higher strain rate, the 
solder joint failed as much as the other solder alloys deformation for the BGAs. The 
combination of thermal cycles and a mismatch of CTEs between the two base 
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materials comprising the solder joints are the main reasons for these variations 
between the solder alloys, which is higher on SAC387 and lower on SAC405, 
respectively. 
 
Figure 5. 22: Deformation rate plot for lead-based eutectic Sn63Pb37 solder alloy and lead-free 
SAC solders subjected to thermal cycling 
 
Figure 5. 23: Schematic of total deformation for (a) lead-based eutectic Sn63Pb37 (b) SAC305 (c) 
SAC405 (d) SAC387 and (e) SAC396 solder alloys after thermal cycling modelling 
 143 
5.5.4 Stress-Strain Hysteresis Loop Relationship for Solder Joint Alloys under 
Thermal Cycling Conditions 
Another method of determining the magnitude of damage in solder joints is to 
measure the area under the stress-strain plot. The plot is known as the hysteresis loop. 
The hysteresis loop plot of the solder joints considered in the study is presented in 
Fig. 5.24. The figure shows the hysteresis loop for lead-based eutectic Sn63Pb37 and 
lead-free SAC305, SAC396, SAC387 and SAC405 solder joint alloys. The loop's 
concept is that the larger the area, the more serious the accumulated damage in the 
solder joint. The upper portion of the hysteresis loop represents the loading portion 
(tensile), while the lower portion represents the cycle's unloading part (compression). 
From the hysteresis loop plot presented in Fig. 5.24, the author could see that 
SAC405 has the lowest dissipated energy per cycle, followed by lead-based eutectic 
Sn63Pb37. The SAC305 accumulated the highest damage, followed by SAC387 and 
SAC396, respectively. The stress-strain relationship could change suddenly as the 
solder joint alloys are exposed to variations of the temperature range. Likewise, we 
should be aware that the nominal shape of the hysteresis loop presented in Fig. 5.24 
could be more uniform, and it depends on the thermal cycling conditions, applied 
stress, and dwell time. The result could imply that both strain and creep will continue 
to play an essential function in the solder joint reliability. 
 
Figure 5. 24: Representation schematic of solder joint hysteresis loops for lead-based eutectic 
Sn63Pb37 and lead-free SAC305, SAC396, SAC387 and SAC405 solders 
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5.5.5 Reliability of the Solder Interconnections 
A general damage distribution of the solder bumps of the BGA soldered on PCB is 
shown in Fig. 5.25. The author can observe that the damage concentrates at the top 
flange of the corner solder joints. These are the solder regions that need increased 
strengthening for increased solder joint reliability. The observation correlates 
significantly well with the results obtained by Libot et al. (2018), who investigated 
the experimental strain energy density dissipated in SAC305 solder joints during 
different thermal cycling conditions using strain gauges measurements. The image of 
the crack that was developed from the solder side near the silicon dies is the point of 
the highest strain. This shows that the stress/deformation occurs at the top and bottom 
of the results, as seen from the simulation (Libot et al., 2018).  
Similarly, results obtained by Pierce et al. (2008) presented in Fig. 5.26 shows similar 
outcomes with high strain regions in the critical solder ball determined with FEA and 
observation of the thermo-mechanical fatigue crack localised in the solder bulk on the 
component side. The BGA solder joint image presented in Fig. 5.26 establishes that 
crack is observed in the upper right-hand side of the solder joint volume at the solder 
pad interface near the package side. The researcher reported the width of an 
individual crack on the SAC396 solder joint as a function of the thermal cycle. The 
BGA solder interconnects of this package had a bottom mean diameter of 0.543 mm 
(board side) and a top mean diameter of 0.595 mm (package side). 
 
Figure 5. 25: Schematic distribution of damage on the solder bump of the BGA soldered on PCB 























Figure 5. 26: Thermal mechanically fatigued plastic BGA joint image  (Pierce et al., 2008) 
The solder substrate's different damage behaviour in the thermal cycling test can be 
explained by the material properties of the solder interconnection materials and the 
different temperatures to which the solder joints are exposed. Therefore, the 
temperature fluctuation on the substrate edges is more significant in the thermal 
cycling test resulting in larger shear forces on the substrate edges (Schäfer et al., 
2014) is presented in Fig. 5.27. The schematic distribution of damage on the solder 
shows a high strain region in the critical solder ball determined with FEA and 
observation of the thermo-mechanical fatigue crack localised in the solder bulk on the 
component side. The chart shows each solder's reliability position against the other 
solders for the different temperature loading conditions.  
The plot presented in Fig. 5.27 establishes that the SAC405 achieved the most 
negligible numbers in the ranking while the SAC387 achieved the highest numbers. 
The order utilised the lower the number, the lesser the damage in the solder. 
Consequently, on average, the author can infer that SAC405 solder demonstrated 
minor damage in the investigated loading conditions.  
Several other investigational results by An et al. (2018), Hsieh and Tzeng (2014), 
George et al. (2016), and Syed (2016) has corroborated the FEA simulation results 
obtained from this study and are presented in Figs. 5.29 – 5.32 with cracked areas 

















Figure 5. 27: Schematic distribution of damage on the solder showing (a) High strain regions in 
the critical solder ball determined with FEM analysis (b) Observation of the thermo-mechanical 
fatigue crack localised in the solder bulk on the component side (Schäfer et al., 2014) 
 
 
Figure 5. 28: Plot of thermal cycling and isothermal ageing reliability positions of solders 















Figure 5. 29: SEM image of solder joint failure modes of the solder joints during temperature 








Figure 5. 30: Failure results of SAC105 solder joint in board level reliability (BLR) thermal 
cycling test (TCT) in test vehicle (a) larger redistribution layer (RDL) pad size and (b) smaller 








Figure 5. 31: SEM image of a solder joint cracked at interface of solder and IMC at die side after 
being subjected to accelerated thermal cycling: (a) adapted package side crack on 144 I/O BGA 








Figure 5. 32: Typical failed SnAgCu solder joint cross-section (Syed, 2016) 
5.6 BGA and IMC Thermal Cycling and Isothermal Ageing Results and Analysis   
The results of this investigation are presented under two essential headings for the 
submodel model. These are the effect of accelerated thermal cycling and isothermal 
ageing on BGA solder joints with IMC embedded. 
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5.6.1 Effect of Mesh Convergence on Solder Joint Alloys Stress Magnitude and 
Deformation Rate 
The author carried out a convergence study on FE modelling to determine the fine or 
very fine mesh to obtain reliable results. The significance of conducting a mesh 
convergence and independent study in this research is paramount because choosing 
the wrong mesh size will result in a significant error in the findings (Okereke & 
Keates, 2018b). The convergence chart for the deformation and Von mises stress for 
the SAC305 model mounted on a PCB is presented in Figs. 4.13 and 4.14 (section 
4.51). The material properties and boundary conditions in Table 4.7 are used in 
simulating the critical solder joint alloy as illustrated in Fig. 4.12, along with the 
outcome of FEA simulation showing the distribution of deformation on the solder 
bump, which shows the colour contour to be enough. The model is inputted into the 
ANSYS software after setting up the boundary conditions and material properties and 
then simulated. The most effective and reliable method for estimating mesh quality is 
continuously refining the mesh until a decisive result is obtained. The maximum 
stress or deformation in the specific location converges. The barrier with this 
approach is that it demands repeated re-meshing and re-solving operations. While this 
approach is excellent for simple models such as one shown in Fig. 4.12, it can be very 
time-consuming for complex and complicated model until the mesh becomes a ‘fine’ 
or ‘very fine’ after converging to a solution with 121,270 nodes and 72,651 elements 
enough for the model to converge to a solution. 
5.6.2 Study of Accelerated Thermal Cycle (ATC) on Solder Joint Alloys with 
IMC 
The results of the accelerated thermal cycling carried out shows that SAC387 
accumulated the lowest strain rate, deformation rate and strain energy density, 
followed by lead-based eutectic Sn63Pb37 and lead-free SAC405, respectively. This 
is different from the earlier results obtained without an IMC where SAC405 and 
SAC396 have the lowest strain rate and therefore are expected to fail first. The 
inclusion of the IMC has drastically changed the thermal degradations of the solder 
joint alloys. With the different coefficient of thermal expansion (CTE) of 
17.6 ppm ℃⁄  for SAC387, 20ppm ℃⁄  for SAC405 and 23.2 ppm ℃⁄  for SAC396 
and silver (Ag) contents of SAC387 of 3.8%, SAC405 of 4%, and SAC396 of 3.9%, 
the reactions with the IMC have changed the influence between the solder joints and 
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the IMC layer. The author noticed that SAC387 has the lowest CTE, and Ag contents 
combined with the CuSn IMC with CTE of 23ppm ℃⁄   has changed the results of 
this study with BGA solder joints with IMC rather than without IMC. The 
introduction of IMC into this analysis is vital for good solder interconnection, and its 
presence gives a bonding layer between the bulk solder and component or board 
substrates. The reliability of a solder joint can be affected by combinations of the IMC 
layer. This study considered solder joint alloy with IMC thickness of 2, 5, 8, 11, 
14mm and without IMC. Cracking along the IMC interface in the solder joints is one 
of the most critical failure mechanisms in the BGA electronic packages. Brittle 
fracture in the IMC layer plays a dominant role at the high strain rate. As IMC layer 
thickness increases, the solder's deformation decreases mainly on the IMC layer with 
a thickness of 5mm and 8mm, respectively. 
5.6.2.1 Study of Strain Rates on Solder Joint Alloys 
The author observed the effect of strain rate to be lowest on the SAC405 followed by 
the SAC396 and lead-based eutectic Sn63Pb37 solder alloys. SAC405 has a strain 
rate of 0.00305 followed by SAC396 (0.00403) and lead-based eutectic Sn63Pb37 
(0.00426) as presented in Fig. 5.33 having the highest strain rate on SAC387 
(0.00657) and SAC305 (0.00642), respectively. With the different CTE and silver 
(Ag) contents of these solder alloys with the IMC, it is seen to have altered the results 
on the SAC387, which has the highest strain rate on the solder. As the temperature 
increases, the material decline's strength and modulus mimic the strain rate changes. It 
is essential to understand the mechanical behaviours of solder joints under high strain 
rate for electronic devices' reliability design. It could also be observed that most of the 
deformation in the BGA device is localised in the solder joint. The strain rate affects 
solder joint material properties significantly and subjects solder joint alloys to creep 
and fatigue. The schematic of the strain rate plot for lead-based eutectic Sn63Pb37 
and lead-free SAC solders with IMC thickness of 5mm subjected to thermal ageing 
conditions is presented in Fig. 5.34. An IMC thickness of 5mm is recommended when 
reflecting on BGA solder joint alloys with IMC based on this work's results. It is also 
noticeable that SAC405 and SAC396 have the lowest strain, and unlike the SAC305 
and SAC387, the crack initiations will start first and eventually lead to failure. Fig. 
5.33 show a constant strain rate on the SAC405, SAC396 and lead-based eutectic 
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Sn63Pb37 why the SAC387 and SAC305 show a fall in the strain rate on the 2nd 
cycle and continue to fall slowly until the 6th cycle. 
 
 
Figure 5. 33: Strain rate plot for solder alloys with 5mm IMC thickness subjected to thermal 
ageing 
 
Figure 5. 34: Schematic of Strain rate plot for solder alloys with 5mm IMC thickness subjected to 
thermal ageing 
5.6.2.2 Study of Equivalent (Von Mises) Stress on Solder Joint Alloys 
The effects of equivalent (Von Mises) stress on solder joints with IMC is also 
investigated with a thickness of 2, 5, 8, 11 and 14mm, respectively. The results 
presented in Figs. 5.35 and 5.36 show that SAC305 and SAC387 not only have higher 
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stress magnitude in comparison to SAC396 and SAC405, which has the lowest stress 
magnitude of 12 MPa and 17 MPa, respectively. SAC305 and SAC387 have an 
equivalent (Von mises) stress of  34.5 MPa and  28 MPa with lead-based Sn63Pb37 
solder having a stress magnitude value of 21.5 MPa as presented in Fig. 5.35. Von 
mises stress influences the solder joint thermal fatigue failure. The fatigue failure 
results from the mechanical degradation due to stress levels below the yield stress of 
solder and affects the deformation mechanisms. The results obtained are a measure to 
improve the reliability of solder joints and provide a practical basis for studying the 
reliability of solder joints in electronic products in service. The schematic of Von 
mises stress for lead-based eutectic Sn63Pb37 and lead-free SAC solder alloys with 
5mm IMC thickness subjected to thermal ageing is presented in Fig. 5.36. Unlike the 
strain rate (section 5.6.2.1), SAC396 and SAC405 have the lowest stress magnitude 
interchangeably to the strain rate. However, the lower the stress magnitude and 
constant strain rate, the higher the fatigue life and the solder been susceptible to 
failure in the electronic components. SAC305 and SAC387 would be vulnerable to 
crack initiation first due to the increased stress exerted on the solder joint alloys. 
 




Figure 5. 36: Schematic of Von mises stress rate for solder alloys with 5mm IMC thickness 
subjected to thermal ageing 
5.6.2.3 Study of Strain Energy Density on Solder Joint Alloys 
The distribution of strain energy density is presented in Figs. 5.37. The results show 
that SAC387, with an IMC thickness of 5mm, has the lowest strain energy density. 
This is followed by SAC405, eutectic Sn63Pb37, SAC396 and SAC305 in that order. 
This type of strain is accumulated in the volume of solder joint alloys, stored as strain 
energy and affects solder fatigue life significantly. The outcomes also suggested a 
premature failure of the solder joints hence shortened fatigue life. The electronic 
manufacturing industry and engineers can use the information obtained here for 
better-quality manufacturing and improved design of solder joints in BGA electronic 
assembly for enhanced thermo-mechanical reliability. The higher the strain energy 
density, the more substantive impacts it will have on solder interconnections. The 
electronic industry could also use the strain energy density data obtained in this work 
as damage indicators to predict the effects of accumulated strain energy density on 
BGA electronic devices. The schematic of strain energy for lead-based eutectic 
Sn63Pb37 and lead-free SAC solder alloys with 5mm IMC thickness subjected to 
thermal ageing is presented in Fig. 5.38. 
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Figure 5. 37: Plot of strain energy density solder alloys with 5mm IMC thickness subjected to 
thermal ageing 
 
Figure 5. 38: Schematic of strain energy for solder alloys with 5mm IMC thickness subjected to 
thermal ageing 
5.6.3 Effect of Isothermal Ageing on BGA Solder Joint Alloys on PCB 
The thermal ageing relationship of various solder joints with different IMC thickness 
is presented in Fig. 5.39 – 5.41. The results show that high strain rate was observed on 
the solders without IMC in comparison to the one with IMC. The IMC thickness 
studied are 2, 5, 8, 11 and 14mm, at temperatures of −40℃,25℃,75℃ and 150℃, 
respectively. Thermal ageing applies to the long-term, invariable changes in the 
formation, composition, and morphology of materials exposed to temperatures that 
they are typically anticipated to meet unexpectedly in an actual service environment. 
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It is used to test the ability of solder joints to withstand elevated temperatures for an 
extended period. The author aged the solder joint alloy with IMC for 45 days (64,800 
mins). As the temperature increases, the lifetime of solder joint alloys is drastically 
reduced. The deformation of solder joints occurs during the ageing process caused by 
CTE mismatches between the solder joints, PCB and the components. The solder joint 
reliability is influenced by the IMC layer growth at the solder joint/PCB/package 
interface. The work by Zhao et al. (2016) concluded from their research on the long-
term ageing effects on the reliability of lead-free solder joint alloys in ball grid array 
(BGA) packages with various pitch sizes and ball alignments that long term thermal 
ageing effects in elevated temperature has a severe impact on the reliability of SAC 
solder joint alloys. With increases in ageing time and temperature, the reliability of 
BGA components degrades more and observes that the IMC layer grows roughly as a 
~𝑡0.5 dependence during isothermal ageing and thermal cycling (Zhao et al., 2016). 
5.6.3.1 Study of Strain Rate on BGA Solder Joint Alloys under Thermal Ageing 
The thermal ageing results of the effect of strain rate on the solder alloy is presented 
in Fig. 5.39. The author could see that strain rate has significant effects at 
−40℃,75℃ and 150℃ , respectively. Without IMC, the solder alloys have the 
highest strain rate on lead-free SAC305, SAC396 and SAC405 with SAC387 and 
lead-based eutectic Sn63Pb37 having the lowest strain rate as a result of ageing tests. 
At IMC thickness of 14mm and temperature of 25℃, the strain rate is highest at this 
point signifying changes in the microstructure of the solder. The strain rates at IMC 
thickness of 2, 5 and 8mm is understood to be lowest at 25℃ followed by the same 
results at −40℃ and 75℃  and highest at 150℃. The thermal ageing results is in a 
coarsen microstructure, as the IMC on the solder joints increases. A significant 
reduction in the yield strength and ultimate tensile strength is observed according to 
research by Aamir et al. (2017). The researchers examined the impact of thermal 
ageing on the IMC particle size and mechanical properties of lead-free solder for 
green electronic packages. In their result, they concluded that thermal ageing at 
different temperatures contributed to the coarsening of the solder alloy microstructure 
because of an increase in IMCs particle size (Aamir et al., 2017). The results obtained 
in this study were stable at 25℃ and 75℃, respectively, with the solder alloys having 
IMC thickness of 5mm and 8mm, respectively. This means that when the temperature 
increases above 75℃ , the solder alloy shows signs of degradation where crack 
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initiations start especially on the SAC solder alloys (SAC387, SAC305) and eutectic 
Sn63Pb37. An study by Chauhan et al. (2010) shows the impact of thermal ageing on 
the thermal fatigue durability of lead-free solder joint alloy and they reported that for 
solder joint alloys, thermal ageing would influence both the bulk material and the 
joint interfaces. Isothermal ageing has been known to increase the interfacial 
intermetallic compounds (IMCs) thickness and changes in the IMC composition, 
which can result in reduced joint reliability (Chauhan et al., 2010). This suggestion 
here is that a BGA electronic devices with an IMC thickness of over 5mm and 8mm 
and at an ageing temperature above 75℃ will display a high level of fatigue failure 
and crack initiation.  
 
Figure 5. 39: Plot of strain results for the thermal ageing simulation tests at temperature of -
40,25,75 and 150℃ with IMC thickness of 2, 5, 8, 11- and 14-mm solder alloys 
5.6.3.2 Study of Equivalent (Von Mises) Stress on BGA Solder Joint Alloys under 
Isothermal Ageing 
The effects of equivalent (Von mises) stress on BGA solder joint alloys are presented 
in Fig. 5.40. It is known that high stress can cause mechanical failure in BGA solder 
joints in electronic devices, and this influence is visible at high temperature. The 
effects of IMC thickness also show that Von-mises stress increases as the temperature 
increases from −40℃,75℃ and 150℃  respectively. The equivalent (Von mises) 
stress is constant at 25℃ in all cases regardless of IMC thickness except for the 
SAC305 with IMC thickness of 14mm. The fatigue fracture occurred very close to the 
solder/IMC layer. SAC387 is seen to accumulate the lowest Von mises stress 
magnitude, especially on solder joints with IMC thickness of 2, 5 and 8mm at 75℃, 
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respectively. As the interface of IMC is a brittle phase, when the solder IMC interface 
reaches a thickness of 11 and 14mm for lead-free SAC305 and SAC396 at 
−40, 75 and 150, this brittleness phase is observed. Lead-based eutectic Sn63Pb37, 
and lead-free SAC396 and SAC405 is shown to have the lowest stress magnitude in 
almost all cases considered in this research. Once the IMC reaches this thickness, the 
solder joints will significantly reduce the mechanical properties, and eventually, cause 
the failure and reduce the reliability of the solder joint alloys. This agrees well with 
the outcomes obtained by Choubey et al. (2008) who studied the intermetallic 
characterisation of lead-free solder joints under isothermal ageing (Choubey et al., 
2008).  
Similarly, the study by Jiang et al. (2010, 2019) investigated the reliability issues of 
lead-free solder joints in electronic devices and concluded that with the extension of 
ageing time, the interface layer of the solder joint is continuously thickened, the 
strength of the solder joint is gradually reduced, and its reliability. As the thickness of 
Cu6Sn5 IMC increases significantly with an increase in the ageing time; the diffusion 
rate also increases, resulting in the decrease solder joint strength (Li Jiang, 2010; 
Jiang et al., 2019). The same results were obtained by Kim and Lee (2008), Lee 
(2008) and Dalton et al. (2018). They studied the reliability and failure analysis of 
lead-free solder joints for the PBGA package. Their research shows that the 
researchers employ inelastic energy dissipation as a suitable damage parameter. 
Moreover, from the investigation of the failure site and the FEA, the researchers 
determined that the fatigue crack started at the outermost solder joints and developed 




Figure 5. 40: Plot of Von mises stress results for the thermal ageing simulation tests at 
temperature of -40℃,25℃,75℃ and 150℃ with IMC thickness of 2, 5, 8, 11 and 14 mm for 
solder alloys 
5.6.3.3 Study of Strain Energy on BGA Solder Joints Subjected to Thermal Ageing 
The effects of strain energy on lead-based eutectic Sn63Pb37, and lead-free SAC305, 
SAC387, SAC396 and SAC405 solder joint alloys are presented in Fig. 5.41 with 
IMC thickness of 2, 5, 8, 11 and 14 mm. The author could observe that at a point 
where IMC is not embedded into the BGA components, the strain energy is higher 
than when IMC is applied. The other significant observations are that at 150℃ and 
with an IMC thickness of 11 and 14mm respectively, there is high strain energy 
dissipated on the solder alloys in the component side why the other solder alloy with 
different IMC thickness have almost the same strain energy outcomes indicating 
tolerance of the solder alloys with different IMC to thermal conditions at -40, 25 and 
75℃. However, at -40℃ (IMC thickness of 11 and 14mm) and 75℃ (IMC thickness 
of 8, 11 and 14mm) for SAC305 and SAC396, they are seen to accumulates high 
strain energy. This show that as the IMC thickness increases from 8, 11 and 14mm, 
and at temperature 75℃ and 150℃, respectively, the strain energy effect increases and 
would eventually cause the BGA solder alloys to commence crack initiation and 
ultimately lead to failure of the electronic components.  
High strain energy dissipated on the solder joint alloys in the component will lead to 
thermo-mechanical fatigue that will result in damage accumulation, crack initiation 
and propagation, and eventual failure. The IMC thickness is observed to affect the 
failure mode of solder joint alloys which migrates from ductile fracture in the solder 
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joint to brittle fracture in the IMC layer. In conclusion, it is apparent from this work 
that failure of solder joint with  IMC thickness of 5mm is right for the BGA solders. 
The SAC396 and SAC405 BGA solders on the electronic components accumulates 
the lowest strain energy and will have higher fatigue life, unlike the solders with IMC 
thickness of over 8mm and operating at a higher ageing temperature. 
 
Figure 5. 41: Plot of strain energy results for the thermal ageing simulation tests at temperature 
of -40℃,25℃,75℃ and 150℃ with IMC thickness of 2, 5, 8, 11 and 14 mm for solder alloys 
Several researchers on the other hand such as Chunke et al. (2010) examined the 
effects of IMC thickness on the fracturing of solder joints. Their conclusion shows 
that interfacial stress increases with an increasing IMC thickness with the stress 
intensity factors of lead-free solders greater than the lead-based eutectic Sn63Pb37 
meaning that lead-free solder are prone to crack (Wang et al., 2010). Other works by 
(Aisha et al., 2013; Alam et al., 2009b; Che & Pang, 2012; Che et al., 2005; Li et al., 
2011; Li et al., 2016; Pang et al., 2004; Shnawah et al., 2012; So et al., 1997; Yuan et 
al., 2014) have reviewed the effect of IMC layer on solder joint alloys. This result 
corroborates well with the conclusion from our study stressing the impact of strain 
energy on solder joint alloys with varying IMC thickness. As presented, the author 
observed a stable change in strain energy results at IMC thickness 5mm and 8mm and 




5.7 Summary  
In this chapter, the effects of ageing and temperature cycling on the behaviours of 
lead-based eutectic Sn63Pb37 and lead-free SnAgCu (SAC305, SAC387, SAC396 
and SAC405) solder alloys are presented. Based on the FEA simulating results of the 
thermo-mechanical loading and creep damage failure of solder joints processes of 
different solders considered in the BGA structure, the thermo-mechanical and creep 
response failure results are summarised as follows.  
Specific conclusions drawn include:  
 The lead-free SAC405 solder joint is the most effective solder under thermal 
cycling condition. This conclusion is drawn based on the finding that the 
solder possesses the lowest magnitudes of stress, strain rate, deformation rate 
and strain energy density than any other solder considered for temperature 
cycling loading in this investigation.  
 The lead-free SAC396 solder joint is the most effective solder under 
isothermal ageing operation. The finding that the solder accumulated the 
minimum magnitudes of stress, strain rate, deformation rate and strain energy 
density than any other solder considered in this study informed the 
conclusion.   
 The top and bottom of solder joints at the periphery of a BGA soldered on 
printed circuit board (PCB) is the critical phases and position of maximum 
damage. Strengthening of these joints is therefore recommended. This 
conclusion is reached based on the observation that the magnitude of 
deformation is highest in the solder joints at the locations in the BGA for all 
the solder joints considered.  
 The combination of different IMC thickness shows that SAC396 has the 
lowest strain, equivalent (Von mises) stress, and strain energy density with an 
IMC thickness of 5mm under ATC and are less prone to crack initiations and 
eventual failure of the solder joints. For the thermal ageing results with 
different IMC thickness at operating temperature of -40℃ to +150℃, with 
IMC thickness of 5mm, SAC396 and SAC405 have the lowest damage on the 
solder joint alloys especially at 25℃ to 75℃, respectively, in actual 
environmental conditions and temperatures. 
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 The results obtained in this chapter is validated with the outcome from the 
experimental work by Wiese et al. (2002) and Zhang et al. (2004) (Fig. 2.2), 
showing the stress-strain relationships for lead-based Sn63Pb37 and lead-free 
SAC396 solder alloys where it is seen that SAC396 solder has more 
significant plastic strain at the same stress for all the three temperatures 
considered than that of lead-based Sn63Pb37 solder alloy. 
 The hysteresis loops show that lead-free SAC405 has the lowest dissipated 
energy per cycle, followed by eutectic lead-based Sn63Pb37 solder joint 
alloy. The solder with the highest dissipated energy per cycle was lead-free 
SAC305, SAC387 and SAC396 solder alloy in that order. The hysteresis loop 
yield information on fatigue degree over various load cycles. The lower the 
area under the loop, the higher the fatigue lives of the solder joint alloys. 
 Higher IMC thickness negatively impacts solder joint reliability and plays a 
significant role in the life of solder joint alloys in a BGA assembly, especially 
at a higher operating temperature. 
 Based on the thermo-mechanical response of both lead-free SAC405 and 
SAC396 in this study, it is recommended as a suitable replacement of lead-














FATIGUE BEHAVIOURS OF BALL GRID ARRAY 
(BGA) SOLDER JOINTS SUBJECTED TO 
ACCELERATED THERMAL CYCLING (ATC)  
6.1 Introduction 
The long-term reliability of an electronic device is often limited by the fatigue failure 
of solder joints due to thermal cycling. In electronic assemblies, solder joints are 
subjected to thermal, electrical and mechanical cycling, which lead to the fatigue 
failure of solder joints involving crack initiation, crack propagation, damage 
accumulation, and failure. Solder joint fatigue is defined as the mechanical 
degradation of solder alloys due to deformation under cyclic loading. Thermal 
cycling and isothermal ageing lead to significant changes in the mechanical 
behaviour of solder joints employed in safety-critical applications such as aerospace, 
defence, oil & gas drilling applications, underhood of an automobile, medical 
devices, power grids and so forth. The most common approach to the assessment of 
fatigue life is based on conducting an accelerated thermal test. Because solder joints 
are applied at high temperatures and miniature, their reliability is of significant 
interest to electronics manufacturing engineers and industries. When solder joints 
remain in conformance with their mechanical, electrical and visual specifications 
over a specified duration, under a specific set of operational provisions, that is 
referred to as solder joint reliability. Reliability of these solder joints is defined by 
multiple factors such as shear strength, creep resistance, drop shock, thermal fatigue 
and vibration resistance.  
Due to the adoption of the Restriction of Hazardous Substances (RoHS) directives on 
1st July 2006, by the European Union (EU), there has been significant progress in the 
developments of lead-free solders as a replacement for the conventional lead-based 
solders for application in the electronics manufacturing industries because lead (Pb) 
was discovered to be one of the leading seventeen chemicals that posed an enormous 
hazard to human life and the environment by the EU. Amongst the lead-free solders 
investigated, Sn-Ag and Sn-Ag-Cu (SAC) based solder alloys offer the most 
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promising characteristics as replacement of lead-based eutectic solder (Ji et al., 2011; 
Sun et al., 2015).  
The Anand viscoelastic constitutive model (Anand, 1985; Brown et al., 1989) is often 
used to represent the material behaviour of the lead-free solders in finite element (FE) 
simulations. This model is defined using nine material parameters, and the reliability 
prediction results are often subjected to the values of the Anand parameters software. 
In this research, the Anand viscoplastic constitutive model has been used in the 
determination of the five solder joint alloys parameters (eutectic lead-based 
Sn63Pb37 and lead-free SAC305, SAC387, SAC396 and SAC405) using FEA 
simulation. The Engelmaier modified fatigue model, an improved version of Coffin-
Manson model takes the thermal cycle frequency, temperature effect and elastic-
plastic strain into account and was used to determine the fatigue life of the solder 
alloys considered in this research. The Solomon model, however, only examine 
damage parameter of shear strain applicable to 60/40 eutectic solder alloy or near 
eutectic solder alloys with low cycle fatigue functional condition. This analytical 
models in engineering have numerous practical applications (Darveaux, 2000, 2002): 
• Predicting field use limits. 
• Failure analysis of product returned from the field or failed in a qualification 
test. 
• Rapid design optimisation during the development phase of a product. 
Why Predict: 
• Reduction in the design cycle time limits the effectiveness of testing to 
estimate reliability. 
• The industry is fast migrating to SnAgCu (SAC) solder joint alloys. 
• Life prediction models are required to evaluate reliability at the design stage. 
Four factors governing life prediction 
• Life prediction methods. 
• Test data availability. 
• Material behaviour. 
• Simulation methodologies. 
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Either accumulated creep strain or creep energy density can moreover be utilised for 
life prediction because: 
• Creep strain has been shown to produce more reliable prediction accuracy. 
• Creep energy density captures high-stress effects better. 
Maintenance of the reliability in safety-critical applications such as aeroplane, 
defence, oil & gas drilling applications, underhood of an automobile, medical devices 
and power grids is of the essence. 
The study aims are to propose the best solder alloys for improved thermo-mechanical 
reliability of solder joints in a ball grid array (BGA) package soldered on a printed 
circuit board (PCB) based on fatigue life estimation. The objectives of this chapter 
are: 
• Determination of the stress magnitude, strain energy density, plastic strain, 
shear strain, plastic shear strain, creep energy density, accumulated creep 
energy density and study their effects on solder joints alloys. 
• Apply the Engelmaier, Coffin-Manson, Solomon (Low cycle fatigue) and 
Syed (Accumulated creep energy density) fatigue life prediction models to 
obtain the fatigue life estimations of the solder alloys considered in this work. 
• Analyse the stress-strain results obtained in the study through the stress-strain 
hysteresis loop. 
• Compare and benchmark best solder joint alloys based on the fatigue life 
estimate. 
The impact of use conditions on solder joint fatigue life was carried out by Zhang et 
al. (2010). In their work, the influences of overshoot duration and the ramp rate are 
investigated by modelling/simulation for both temperature and power cycling tests 
and correlated with standard setpoint state. The field lifetime of solder 
interconnections is then predicted based on the FEA simulation and the temperature 
cycling criterion test. Their work concluded that solder interconnections have about 
11% shorter fatigue life in power cycling test (PCT) than in accelerated thermal 
cycling (ATC) even if the temperature profiles are the same. If the junction 
temperature overshoots the setpoint temperature, it will reduce the fatigue life by 
about 20% for either short or long overshoot duration and under either PCT or ATC. 
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The fatigue reliability risk can be assessed by the combination of numerical FEA 
simulation and reliability tests. For 1000 cycles, the solder bumps can last for 4.9 
years without failures even if the overshoot occurs (Zhang et al., 2010). Several 
studies have been published on the fatigue life of solder joints on surface mount 
electronics. 
Nevertheless, none has been investigated on the five solder joint alloys (Sn63Pb37, 
SAC305, SAC387, SAC396 and SAC405) considered in this work under accelerated 
thermal cycling (ATC). This study uses four life prediction models (Engelmaier, 
Coffin-Manson, Solomon and Syed) for the fatigue life prediction of BGA solder 
joint alloys soldered on PCB and benchmarking and comparing the result to advise on 
the most suitable and best solder joint alloys under thermo-mechanical loading 
conditions. The schematic of the modelling process is presented in Fig. 6.1. 
6.2 Fatigue Life Prediction Models 
Anand models are applied in ANSYS FEA simulation environment to ascertain the 
parameters which are needed as inputs for the life prediction models such as the 
Engelmaier, Coffin-Manson, Solomon (low cycle fatigue) and Syed (Coffin-Manson, 
Engelmaier, Solomon (Low cycle fatigue) and Syed (Accumulated creep energy 
density) to determine the fatigue life estimation using the FEA simulation outputs 
such as the plastic strain, shear strain, plastic shear strain and the creep energy 
density. The creep induced fatigue life of solder alloy subjected to thermal cycling is 
predicted using the hyperbolic sine constitutive equation to determine the creep 
energy density parameter.  
The constitutive equation is a damage mechanism-based life prediction model. The 
primary damage mechanism for SAC solder alloy during thermal cycling is creep, and 
it is utilised to simulate the material behaviour of solder joints. Consequently, the 
author ideally based the life prediction model based on creep energy density. The 
accumulated creep strain and creep strain energy density per cycle are presented and 
used to predict the fatigue life of solder joints under thermal cycling loading. 
According to the various mechanical parameters, fatigue life prediction models can be 
classified into five categories based on stress, plastic strain, creep strain, energy and 




Figure 6. 1: Schematics of the Modelling Process 
Solder joint fatigue phenomenon on lead-free solder has been a subject of several 
investigations. Failure in low-cycle fatigue (LCF) is essential as a result of cyclic 
plastic deformation. When a solder interconnects is loaded, the stress-strain curve 
would be a linear plot with an elastic behaviour until the yield point. Research have 
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corroborated that LCF is connected with shorter fatigue life and higher stress where 
the stress level usually steps into the plastic strain range. The Coffin-Manson model, 
which has been generally utilised to predict the LCF as a function of plastic strain 
range for solder alloys has been used to predict the fatigue life of the solder joint 
alloys studied in this work. The Engelmaier modified Coffin-Manson model 
incorporates parameters such as solder and substrate temperature (Chauhan et al., 
2009) as presented in Eq. (6.1). Failure in low-cycle fatigue is essential because of 
plastic deformation. Due to its simplicity and the capacity to connect the fatigue 
behaviour to the material properties, the Coffin-Manson model is generally applied as 
a standard model for many metallic systems including the solder alloys (Coffin, 1954; 
Manson, 1965). The Engelmaier model is the correction of the Coffin-Manson model 
(Engelmaier & Turbini, 1995; Engelmaier & Attarwala, 1989). This model takes the 
temperature and frequency into account, making it easier to get a precise result.  
The Anand constitutive model is frequently used to characterise the deformation 
behaviour of solder joint reliability for some electronic assemblies. In the Anand 
model, plasticity and creep are unified and described by the same set of flow and 
evolution relations. The nine parameters of the Anand constitutive model are 
typically determined from uniaxial stress-strain tests at several strain rates and 
temperatures using a standard multistep model parameter determination procedure. 
On the other hand, creep data are often measured for solders, but they are not usually 
used to determine Anand model constants. Electronic devices have been known to be 
exposed to various degrees of environments, such as vibration, humidity, 
temperature, dust, and shock.  
The primary cause for failure of the electronics package is temperature fatigue (55%). 
Additionally, vibration fatigue (20%), humidity (19%) and dust (6%) in the same way 
contribute to the failure of electronic devices (temperature and vibration fatigue [75% 
in total, see in Fig. 6.2 that comes from the US Air Force Avionics Integrity 
Program]) (Andersson et al., 2009; Vandevelde et al., 2007). Furthermore, because of 
the enormous difference in the CTE of the different constituents in the electronic 
assembled structure (Engelmaier, 1989). Finite element method as a useful analysis 
tool is often adopted to determine the reliability of solder joints during thermal 
cycling, in the meantime, the investigation on the constitutive model of the SnAgCu 
(SAC) solder joints can provide the data support for the reliability investigations. 
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There has already been a great deal of effort applied to the experimental data and the 
constitutive relations for solder alloys. Some researchers such as (Cheng et al., 2000; 
Darveaux & Banerji, 1992; Weinbel et al., 1987) presented extensive experimental 
data on SnPb solders. Also, there are some purely phenomenological constitutive 
models where the researchers artificially separated the time-dependent and inelastic 
behaviour. A unified framework for viscoplastic behaviour of solder materials, in 
which plasticity and creep are unified and described by the same set of flow and 
evolutionary equations, is highly desired. In the present work, a unified viscoplastic 
constitutive model, proposed by (Anand, 1982, 1985) and (Brown et al. 1989) and 
call the Anand model, was employed to represent the deformation behaviours of 
92.5Pb5Sn2.5Ag, 60Sn40Pb, 62Sn36Pb2Ag and 96.5Sn3.5Ag solder alloys. The 
authors then used the achieved materials parameters to reproduce the deformation 
behaviour for comparison and verification. Moreover, this unified Anand model was 
applied in FE simulations, using the ANSYS program, of solder joint reliability for 
some simple electronic assemblies. 
 
Figure 6. 2: Primary cause of failure in electronic package (Guo et al., 2005) 
6.2.1 Damage Parameters and Life Prediction Models 
The critical damage parameters include plastic strain, shear strain, plastic shear strain, 
and creep energy density. They are derived from solder joint properties and 
architecture. The specific properties of solder used in modelling the degradation are 
the creep and visco-plastic properties. This is because they drive the degradation 
process. There are several creep models. Garofalo-Arrhenius creep model is used in 
this work because it has proven to the efficient. Anand model is used to simulate the 
visco-plastic accumulation in the solder joints. These models are embedded in the 
ANSYS finite element package. Thus, the damage parameters magnitudes are usually 
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obtained from the output of simulation of a finite element model of the assembled 
BGA package.   
Anand (1985) and Brown et al. (1989) recommended a constitutive equation for 
isotropic, large and viscoplastic deformations in a singular-scalar internal variable. 
Anand model combines viscoplastic, a time-dependent plastic phenomenon where 
development of plastic strain is dependent on the rate of loading (Anand, 1985; 
Brown et al. 1989). Viscoplastic is characterised by unifying creep and plastic 
deformations (Chen et al., 2004). The isotropic hardening mechanism such as 
dislocation density, solid solution hardening, and subgrain and grain size effects, as 
defined by the internal variables in the model, and the deformation resistance is 
equated with being proportional to the equivalent stress (Pang et al., 2004). Anand's 
model is used in cases where the material behaviour is very sensitive to strain rate, 
temperature, history of strain rate and temperature, and strain hardening and 
softening. Anand's model was initially developed for high-temperature metallic alloys 
in forming processes such as rolling and deep-drawing. However, it has been shown 
for use in predicting the response and life of solder joint alloys in electronic devices. 
This model introduces a single scalar quantity called the deformation resistance, 
which is used to represent the isotropic resistance to the inelastic flow of the material.  
The equation for the inelastic strain rate is given in Eq. (6.2): 
?̅? = 𝒄𝒔; 𝒄 < 𝟏                                                                                                      Equation 6. 1 
where ?̇? the equivalent is stress for steady plastic flow; 𝑠 is the deformation resistance 













}                                                                           Equation 6. 2 
Combining Eqs. (6.1) and (6.2), the Anand model employs the following functional 










                                                                        Equation 6. 3   
where ̇𝑝 is the inelastic strain rate; A is pre-exponential factor; Q is the activation 
energy; R is universal constant; T is the temperature; R is universal gas constant; T is 
the temperature; 𝜉 stands for the materials constant and m is the strain rate sensitivity. 
Additionally, the evolution equation for the internal variable s is assumed to be in the 
form as: 
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?̇? = 𝒉(?̅?, 𝒔, 𝑻)?̇?𝒑                                                                                                     Equation 6. 4 
ℎ(𝜎, 𝑠, 𝑇) is associated with dynamic strain hardening and recovery process. A simple 
form of evolution equation of Eq. (6.5) was given by Anand (Anand, 1985): 
where  








)         𝒂 ≥ 𝟏                                                         Equation 6. 5 
Therefore, the evolution equation for the internal variable s is derived from combined 
form of Eqs. (6.4) and (6.5) as: 








)} ?̇?𝒑                                                                   Equation 6. 6 
where 








                                                                                          Equation 6. 7 
where 𝑠∗ describes the saturation value of s associated with a set of given temperature 
and strain rate; ℎ0  represents the hardening/softening constant; 𝑎  is the strain rate 
sensitivity of hardening/softening; n stands for the strain rate sensitivity for the 
saturation value of deformation resistance, and ?̂?  is a coefficient. The viscoplastic 
model includes two kinds of equations; the first equation deals with the relationship 
between saturation stress and strain rate under specific temperature. In contrast, the 
second equation deals with the relationship between strain and stress under specific 
strain rate and temperature. 
From Eqs. (6.1), (6.2) and (6.7) together with 𝜎∗ = 𝑐𝑠∗ gives the following equation 




















}                                                  Equation 6. 8 
Following relation can be obtained from Eqs. (6.1) and (6.6): 
𝒅𝝈
𝒅𝜺𝒑








) ;           > 𝟏                                                      Equation 6. 9 
The integration form of Eq. (6.9) is: 
𝝈 = 𝝈∗ − [(𝝈∗ − 𝒄𝒔𝟎)
(𝟏−𝒂) + (𝒂 − 𝟏){(𝒄𝒉𝟎)(𝝈
∗)−𝒂}𝜺𝒑]
𝟏 (𝟏−𝒂)⁄
                         Equation 6. 10 
6.2.1.1 Parameters Analysis 
For the Anand constitutive model, there are nine parameters needed to be tested 
respectively. These nine materials constants A,𝑄 𝑅⁄ , ?̂?, ℎ0,𝜉, m, n, a and 𝑠0 can be 
determined using the following standard procedures. 
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1) Obtained the saturation stresses from uniaxial tensile tests with constant strain 
rates and temperature 
2) Determined the value of 𝐴, 𝑄,𝑚, 𝑛, 𝑎𝑛𝑑 ?̂? 𝜉⁄   in Eq. (6.8) from the data 
acquired in step (1) by a non-linear least square fit. 
3) Determined  ?̂? and 𝜉 from the values obtained in step (2). The parameter 𝜉 was 
selected such that the constant c in Eq. (6.2) was less than unity, and ?̂? was 
then determined from the combined term ?̂? 𝜉⁄ . 
4) The combined constants 𝑐ℎ0, 𝑐𝑠0 and 𝑎 in Eq. (6.10) were determined from 
the constant strain rate data by a least square fit. With the value of c acquired 
in step (3), ℎ0 𝑎𝑛𝑑 𝑠0 were concluded. 
 
Anand's model requires nine different material constants, found by curve-fitting a 
series of isothermal stress-strain tensile tests at different temperatures and strain rates.  
Anand material constants for different solder alloys are available in several works of 
literature. When there is no specific yield surface, plastic flow is expected to occur at 
all non-zero stress values, and no hardening law is required. This viscoplastic law 
assumes a unified approach; therefore, the inelastic strain is returned (in ANSYS 
software via the plastic strain).  
 
Moreover, the researchers obtain the deformation resistance with the outcomes, as 
well as the plastic work per volume. This plastic strain acquired in FEA simulation 
results can be employed for fatigue prediction models considering the relationships 
exist for different solder alloys that demonstrate the significance of accumulated 
plastic strain (plastic work) that will induce failure. By determining the plastic strain 
accumulated in one cycle, the total number of cycles can then be determined. In 
conclusion, there are various approaches to incorporate the effect of rate-dependent 
inelastic response in FEA. The choice of the material model to use is based on the 
predictive response of the structure and the material data availability. The constant 
material parameters can be determined by measuring stress-strain curves at different 
temperatures and strain rates and then applying a least-squares regression fitting 
method to extract the optimal set of the nine Anand parameters (Anand, 1982; Basit et 
al., 2015; Basit et al., 2014; Anand, et al., 1989). The researchers have previously 
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estimated the Anand model parameters for SAC305 employing stress-strain data 
recorded from 25 − 125℃ (Alam et al., 2016). 
Based on the results of the experiment by Syed (2004), including the constitutive 
relations used by the author. The researcher proposed the models in Table 6.1 with 
values of the constants: 




Fatigue Life Model 
Model 
Double Power 





Total Accumulated Strain Nf = (0.0468εacc)
−1 
Creep Energy Density Nf = (0.0015wacc)
−1 
Hyperbolic Accumulated Creep Strain Nf = (0.0513εacc)
−1 
Sine Creep Energy Density Nf = (0.0019wacc)
−1 
 
Stoyanov et al. (2009) in their work employed W′ = 0.0014. The author calculated the 
value from fitting a linear regression model with some experimental values with the 
assumption that the solder creep behaviour is modelled using the hyperbolic sine 
constitutive equation (Stoyanov et al., 2009; Syed, 2004). The life prediction models 
(Engelmaier, Coffin-Manson, Solomon and Syed) are presented in section 6.4.10. The 
output from the FEA simulation is a plastic strain (Coffin-Manson), shear strain 
(Engelmaier), plastic shear strain (Solomon), and accumulated creep energy density 
(Syed) that determines the fatigue lives of various solder joint alloys. Section 6.4.10 
further discusses the solder joint degradation when subjected to thermal cycling 
loading. Equivalent stress, equivalent strain, and creep energy density are the 
parameters utilised to quantify solder joint alloys failure. 
6.3 Failure Criterion used in the Fatigue life prediction 
The generally used solder-joint failure criteria include those based on plastic strain 
(Coffin, 1954; Manson, 1953; Shirley et al., 2008; Wiese & Rzepka, 2004), creep 
strain (Hasnine et al., 2014; Syed, 1995; ASyed, 2004; Wong et al., 1988), inelastic 
work (Ellyin & Kujawski, 1984; Morrow, 2009), classic fracture mechanics (Lau & 
Pao, 1997), and fracture-calibrated energy (Darveaux et al., 1995). For experimental 
failure studies, resistance is additionally employed as failure criteria. Each failure 
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criterion needs explicit material properties and may place the conditions on the nature 
of the numerical solution obtained either by computation or through FEA simulation. 
For this study, the failure criterion is based on plastic strain range for Coffin-Manson, 
shear strain range for Engelmaier model, plastic shear strain range values for the 
Solomon model obtained from FEA simulation results. The Syed model is obtained 
through creep energy density. This is then used in the Engelmaier, Coffin-Manson, 
Solomon and Syed models’ to calculate the fatigue life prediction of the five solder 
alloys (lead-based eutectic Sn63Pb37, and lead-free SnAgCu: SAC305, SAC387, 
SAC396 and SAC405) used in the research. 
6.4 Results and Discussions 
The thermal cycling FEA simulation results for lead-based eutectic Sn63Pb37 and 
four lead-free SAC (SAC305, SAC387, SAC396 and SAC405) solder alloys used in 
this work are presented. The results show that thermal stresses were produced in the 
solder joints during thermal processes. FE analysis was employed in the effective 
investigation of the solder alloys to ascertain the solder joints' reliability during 
thermal cycling. The study on the solder joints' constitutive model can yield the data 
support required for the reliability study. Anand model, a unique built-in material 
model in the ANSYS FE programs, was implemented to obtain the stress, strain, 
strain energy, shear strain, creep strain energy and plastic shear strain of solder alloys 
in electronic packaging. The author obtained the Anand model's material properties 
and parameters for the solder joints from several peer-reviewed works of literature.  
Additionally, based on the Anand model, the author used the FE model to examine 
their thermal cycling reliability. The simulated result shows a cross-section of the 
failed bumps. The author understands cracks to produce at the top corners of the 
solder joint in the substrates. Furthermore, the residual stress produced during FE 
simulation influences the strains during thermal cycling, which adds to the solder joint 
alloys' fatigue life. 
6.4.1 Study of  Equivalent (Von Mises) Stress on the Solder Joints 
The thermal cycling FEA simulation results for the lead-based eutectic Sn63Pb37 and 
four lead-free SAC solder alloy materials (SAC305, SAC387, SAC396 and SAC405) 
are presented in Figs. 6.3 and 6.4. Fig. 6.3 is a plot of Von-Mises stress against the 
number of thermal cycles. The plot shows a similar profile for all the solder alloys. 
The stress starts from zero and increases rapidly within the first temperature cycle. 
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The solder alloys in the joints elastically deform within this range. They are seen to 
yield between cycles 1 and 2. The SAC387 demonstrate the highest yield stress 
magnitude of 58 MPa, followed by the lead-based eutectic Sn63Pb37 at 55 MPa. The 
SAC405 acquired the least yield stress of 22 MPa magnitude, while SAC305 and 
SAC396 have each 33 MPa and 30 MPa yield stress magnitudes, respectively. After 
cycle 2, the profile plateaus and remain relatively steady for the remainder of the 
cycle. The plastic deformation region starts from the yield stress point and covers 
75% of the temperature cycling test. This study's inference is that the solder joints 
experience shock thermal load, making early infant mortality failure mode more 
critical than any other failure rate mode in the bathtub's curve failure rate. It could be 
drawn from the plot that solder joints real-life operation is mainly within the plastic 
range. The distribution of stress in the solder joints is shown in Fig 6.4. The most 
severe damage is located at the balls' top surface, where they interconnect with the 
chip. The periphery of the top surface is critical. This is the site for cracks initiation, 
propagation and then failure. 
 
Cyclic stress response determined that the solder joints operate at high homologous 
temperature (TH)  and the corresponding equivalent strain rates are critical 
components of failure. FEA simulation results obtained corroborate well with 
experimental results from peer-reviewed works of literature. They are significant to 
access test data and prevent early fatigue failures in BGA electronic devices. The 
Anand constitutive model is used to model the solder joint alloys and provide a 
reference for the solder joints. As a result of the FEA simulation of thermal cycling 
loading carried out in this work, it is shown that the stress and strain inside the solder 
joint alloy are slowly accumulated, and the development in plastic deformation will 
ultimately lead to the failure of the solder joint. 
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Figure 6. 3: Plot of Von mises stress vs number of cycles for solder joint alloys 
 
Figure 6. 4: Schematics showing areas of maximum Von mises stress on solder joints 
6.4.2 Study of Strain Energy Density on the Solder Joints 
The FEA results showing the strain energy density are presented in Figs. 6.5 – 6.7. 
The outcomes show that among the five solders studied in the FEA simulation tests, 
SAC387 (0.0101μm) and SAC396 (0.022μm) has the lowest strain energy density 
why SAC305 (0.047μm), SAC405 (0.041μm) and lead-based eutectic Sn63Pb37 
(0.035μm) has the highest strain energy  density dissipated on the solder joints. The 
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strain energy density starts from zero and increases rapidly within the first 
temperature cycle.  
The critical value of the strain energy density represents the intrinsic property of 
solder. The result shows the applicability of the strain energy for the reliability life 
prediction of solder joints. In cases reported here, solder joints failed at the package 
interface. The result is in agreement with experimental results by Syed (2004) for 
SnAgCu solder alloys. Lead-free SAC396 and SAC405 offer the best alternative 
among the SAC and lead-based eutectic Sn/Pb solder alloys presently in use. With the 
current trend of cheaper, faster, and better electronic devices, it has become 
increasingly significant to evaluate the package and system performance very early in 
the design cycle using simulation tools such as ANSYS software and selecting the 
suitable solder alloy materials is very important. The schematic shows that the author 
truly observes maximum strain energy at the top of the solder bump substrate side. 
The higher the strain energy density exerted on the solder bumps; this will cause 
maximum deformation on the solder alloys. This action under repeated loads would 
cause fatigue failure easily, and then potential safety hazards on the solder joint alloys 
are produced.   
 
Figure 6. 5: Strain energy density results for solder joint alloys 
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Figure 6. 6: Strain energy distribution on SAC396 solder joint alloys 
 
Figure 6. 7: Schematic representations showing areas of maximum strain energy on solder joints 
6.4.3 Study of Plastic Strain on the BGA Solder Joints 
The plastic strain is one of the root causes of cracking of solder joints which 
culminate in failure. Thus, it is studied in this work. The outputs of the FE simulation 
of the five types of solders' response in the BGA joints to plastic strain are discussed 
in this section. The simulation output is the plot in Fig. 6.8, while Figs 6.9 and 6.10 
present the damage distribution schematic on the critical joint of the different types of 
BGA solder joints. The plastic strain profile is identical for all the joints up to cycle 2. 
After cycle 2, a significant difference in the profile is recorded. The plastic strain of 
SAC387 and SAC405 increases at a steady gradient of 0.00305/cycle and 
0.000734/cycle.  
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The SAC305 plastic strain decreases with a gradient of - 0.000215/cycle. The plastic 
strain of lead-based eutectic Sn63Pb37 decreases up to cycle 4 and increases 
afterwards with a positive gradient of 0.00168/cycle. Similarly, the plastic strain of 
SAC396 decreases up to cycle 5 and increases afterwards with a positive gradient of 
0.00053/cycle. Since damage is driven by the positive gradient of plastic strain/cycle 
cum the rate of energy dissipation (which is quantified in part by the area under the 
plot), SAC387 solder joints accumulate the most severe damage. In contrast, SAC405 
solder joints gather the least degradation. The schematic distribution of damage to the 
solder joints shown in Figs. 6.9 and 6.10 depict significant damage at both the top and 
bottom interfaces, with the top dominating.     
The fatigue life of SAC405 is higher than that of the other four solders joints 
reflecting the increase of the fatigue resistance in the solder joint to some extent and 
changes in the crack's initiation and propagation during the fracture process. As cited 
previously, the modified Coffin-Manson equation was one of the life prediction 
models used for estimating the fatigue life of the solder joints because it is still one of 
the most convenient life prediction tools employed for the calculation of thermal 
fatigue life. The plastic strain is one of the root causes of cracking of solder joints 
until failure; thus, the Coffin-Manson fatigue life model predicts the life fatigue 
failures in low cycle fatigue (LCF) experienced by the BGA solder joint in the 
electronic devices. 
 
Figure 6. 8: Plastic strain rate results for six complete cycles of solder joint alloys 
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Figure 6. 9: Equivalent plastic strain distribution on SAC305 solder joint alloy 
 
Figure 6. 10: Schematics showing areas of maximum plastic strain on solder joint alloys 
6.4.4 Study of Shear Strain on the BGA Solder Joints 
The shear strain of the five-solder joint considered in this work shows that the solder 
joints SAC387, SAC405, SAC305, Sn63Pb37 and SAC396 and their maximum 
stabilising shear strain values are 0.0027, 0.0017, 0.0008, 0.0006 and 0.0005, 
respectively. The shear strain is referred to the change in the deformation to its 
original length of the solder joint alloys perpendicular to the axes as a result of shear 
stress. The Soldier joints' fatigue life is computed using the shear strain value 
determined from the FEA simulation and inputting the values into Eq. (6.11) (section 
6.5.7) for the Engelmaier model to acquire the fatigue life cycle. The plot presented in 
Fig. 6.11 shows that SAC396 has the lowest shear strain followed by lead-based 
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eutectic Sn63Pb37, SAC305, SAC405 and SAC387, respectively. The schematic 
shown in Fig. 6.12 indicates the areas susceptible to crack on the substrate's solder 
joint with the maximum shear strain. 
 
Figure 6. 11: Shear strain rate results for six complete cycles of solder joint alloys 
  
Figure 6. 12: Schematics showing areas of maximum shear strain on solder alloys 
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6.4.5 Study of Plastic Shear Strain on the BGA Solder Joints 
The maximum plastic shear strain of solder joint for lead-based eutectic Sn63Pb37 
(0.0455), SAC305 (0.0536), SAC387 (0.0909), SAC396 (0.0431) and SAC405 
(0.0727) are presented in Fig. 6.14. The Solomon model equation is used to determine 
the fatigue life cycle for the solder joints using the equivalent plastic shear strain in 
Eq. (6.13). The result shows that SAC405 has the highest fatigue life, followed by 
SAC396, SAC305, Sn63Pb37 and SAC387, respectively, using the Solomon fatigue 
life prediction model. The result shows that SAC396 has the lowest plastic shear 
strain why SAC387 has the highest of all the solder joint alloys considered in this 
research, indicating that it will fail first at the top of the solder alloys substrates on 
BGA electronic components 
 
Figure 6. 13: Plastic shear strain rate results for six complete cycles of solder joints 
6.4.6 Study on Shear Strain and Plastic Shear Strain on the Solder Joints 
Temperature cycling induces, in addition to transverse shear, a longitudinal shear 
strain on the solder joints which can be measured as shear strain or plastic shear strain 
depending on the stage of the deformation. The plot of the shear strain of the five 
different solder joints is shown in Figs. 6.11 and 6.12. The shear strain increases from 
cycle 0 to cycle 2 nonlinearly before stabilising after cycle 2 – in most cases. The 
solder joints SAC387, SAC405, SAC305, Sn63Pb37 and SAC396 and their 
maximum stabilising shear strain values are 0.0027, 0.0017, 0.0008, 0.0006 and 
0.0005, respectively. Fig. 6.12 presents the schematic of the distribution of the shear 
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strain damages at the top section of the solder ball joints. These are the areas 
susceptible to crack initiation and propagation. 
  
The plot of the plastic shear strain of the five different solder joints is shown in Fig. 
6.13. Similar to the former, the shear strain increases nonlinearly from cycle 0 to 
cycle 2 before stabilising after cycle 2 – in most cases. The plot profile and the order 
of damage accumulation are similar to the shear strain plot. A critical observation is 
that the magnitude of plastic shear strain recorded by the solder joints is significantly 
higher than the shear strain magnitudes. This observation is expected, considering that 
the shear strain only records the elastic shear strain values. The SAC387 has the 
highest plastic shear strain magnitude of 0.09, while SAC396 has the least value at 
0.041. The magnitudes of SAC405, SAC305 and Sn63Pb37 are 0.071, 0.051 and 
0.042, respectively. It is important to note that moderate values of shear and plastic 
shear strains are desirable to relax the stress induced in the joints by temperature 
cycling. Very high values would culminate in cracking, while low values would 
support stress-induced cracking. This knowledge places SAC405 to be the least and 
others the most susceptible to damage by shear and plastic shear strains.      
6.4.7 Study of Creep Energy Density on the BGA Solder Joint Alloys 
The creep energy density shows that eutectic Sn63Pb37 and SAC405 has the lowest 
strain energy density of 2.50 × 10−6J/m3 and 2.48 × 10−7J/m3, respectively, with 
the highest been on SAC387 (1.33 × 10−6J/m3). The other solder alloys are SAC305 
(8.76 × 10−6J/m3) and SAC396 (2.98 × 10−6J/m3), respectively. The accumulated 
creep energy density per cycle is computed using equation 6.16 – 6.18 with equation 
6.14 employed in the calculation of the number of repetitions or cycles to failure for 
the solder alloys. The results show that total energy dissipated is lowest on SAC396 
and highest on SAC387. The damage parameter for the life prediction is observed to 
be highest on SAC405 with ~13.2 years and SAC396 with ~10 years. The lowest life 
prediction was estimated on the SAC387 with ~1.4 years as presented in Figs. 6.15 
and 6.16, respectively. This result is fundamental in maintaining the solder durability 
and safety on the BGA electronic devices. The results in Fig. 6.14 show a stable and 
identical creep energy density on Sn63Pb37, SAC405, SAC396 and SAC405 solder 
alloys. Only the SAC387 increases up cycle 2 and then sharply decrease with a 
negative gradient of 1.4 × 10−8J/m3  and 4.08 × 10−9J/m3  on the SAC305 solder 
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alloy. The damage on the solder alloy is highest on SAC387 and lowest on the lead-
based eutectic Sn63Pb37 and lead-free SAC405 and SAC396, respectively. 
 
Figure 6. 14: Creep energy density vs cycle time for solder joint alloys 
6.4.8 Study of Stress and Strain Relationship on BGA Solder Joints 
The plots for the stress-strain relationships for the lead-based eutectic Sn63Pb37 and 
four SAC solder alloys is presented in Fig. 6.15. It is vital to assess the stress-strain 
distribution in the solder joints as the assembly's weakest part. The plot values of 
lead-based eutectic Sn63Pb37 and lead-free SAC305, SAC387, SAC396 and 
SAC405 solder joint alloys shows the stress magnitude and strain rate. It is known 
that at the same load and boundary conditions, SAC405 shows the highest stress 
magnitude, followed by SAC387 with the maximum strain rate. The lowest strain rate 
was observed for Sn63Pb37, SAC405, and SAC305, with the highest strain rate on 
SAC387. The stress-strain curve further reveals a concave downward with one 
tangent. The secant line slope explains a fall in the stress, which signifies a 
decreasing resistance, leading to inevitable failure in the solder joint alloy material. 
As the induced strain increases, the deformation of the solder alloys is observed.  
The graph also shows that SAC405 has the lowest stress magnitude, followed by 
SAC396 and eutectic Sn63Pb37. The higher the strain rate these materials are 
subjected beyond its yield strength point sets in plastic deformation in the solder 
alloys. It could be seen that the maximum stress magnitude and strain rate of the 
solder alloys investigated are SAC387 (strain rate = 0.09, stress magnitude = 63.7 
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MPa), SAC305 (strain rate = 0.034, stress magnitude = 57.1 MPa), lead-based 
eutectic Sn63Pb37 (strain rate = 0.008, stress magnitude = 35.7 MPa), SAC396 
(strain rate = 0.013, stress = 34.7 MPa) and SAC405 (strain rate = 0.015, stress 
magnitude = 22.3 MPa) respectively. The plot comparably shows that the highest 
stress magnitude was observed on the SAC387 and SAC305 solder alloys and 
occurred at the solder balls' outer corner for the solder spreading to the centre. The 
results indicate that SAC387 and SAC305 solder alloys are more vulnerable solders. 
The BGA solder balls on the PCB represent an essential function in the component 
assembly's failure performance. The author must consider the strain and deformation 
rate of substrates on the corner edges of the solder joint alloys in addition to the stress 
magnitude presented in the FEA simulation. The behaviour of solder alloys 
degradation in the simulation analyses conducted is unquestionably different vis-à-vis 
solder alloys and testing conditions. 
Consequently, the more elastoplastic the solder alloy material is, the more it is well 
adequate for applications where soldering connections are applied to many thermal 
cycles with low temperature and CTE mismatch of the joining materials. It is 
concluded that SAC396 and SAC405 represent the best solder alloys. The results are 
further enhanced with the fatigue life prediction and stress-strain hysteresis loop 
covered in section 6.4.9 – 6.4.11. 
 
Figure 6. 15: Strain vs stress results solder alloys 
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6.4.9 Analysis of Stress-Strain Hysteresis loop on BGA Solder Joints 
During the thermal loading process, the area under the stress-strain curve is the strain 
energy per unit volume absorbed by the solder alloys. On the other hand, the 
unloading curve area is the energy released by the solder alloys. During the elastic 
range, these areas are equal, and no net energy is absorbed. If the material is loaded in 
the plastic range, as shown in Fig. 6.16, the energy consumed exceeds the energy 
discharged, and the difference between them is dissipated as heat. Perfect elastic 
materials maintain an ideal linear stress-strain property. Cyclic stress provides a 
strain in the solder alloys, a cyclical variable and phase with the stress. Solder joint 
cracking is hindered in the loading since cracks will be closed instead of opened by 
the stress state. The solder alloys loaded cyclically alternate between loading and 
unloading and would show hysteresis loops since the load is high enough to induce 
plastic flow (stresses above the yield stress). The surface enclosed within the 
hysteresis loop continuously equals the energy dissipated in the material upon the 
loading and unloading cycle. 
In contrast, the hysteresis loop yields data on fatigue degree and a stress-strain 
characteristics curve. This shows that the solder alloys stress variations result in an 
increase of fatigue degree and reduced mechanical strength. The stress-strain 
hysteresis loop shows that SAC405 has the lowest strain energy per unit volume 
absorbed, followed by SAC396, lead-based eutectic Sn63Pb37, SAC305 and 
SAC387 has the highest strain energy per unit volume. Therefore, it is recommended 
that SAC405 and SAC396 are the preferred SnAgCu solder alloys to replace lead-
based eutectic Sn63Pb37 based on the fatigue degree when subjected to thermo-
mechanical loading. SAC405 has been shown to possess the lowest area on the 
hysteresis loop; thus, the highest fatigue lives. 
An et al. (2018) carried out experimental and FEA simulation studies to examine the 
failure of eutectic Sn63Pb37 PBGA solder joint alloy using thermal cycling, random 
vibration and combined temperature cycling tests. The researchers carried out thermal 
cycling (−55℃ to 125℃ ) and vibration analyses for lead-based Sn63Pb37 solder 
alloy. In their study, the results from their investigation show earlier solder joint 
failure for combined loading rather than that for either thermal cycling or vibration 
loading at room temperature. The original failure mode is cracking within the bulk 
solder alloy subjected to thermal cycling, whereas the crack propagation path is along 
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the IMC layer for vibration loading (An et al., 2018). Fig. 6.17 presents a standard 
failure mode when the components are subjected to thermal cycling loading.  
 
Figure 6. 16: Stress-strain hysteresis loop for solder alloys 
Additionally, the authors also recommend that most cracks in the failed solder joint 
alloys are on the component side. The primary failure mode defined by SEM is a 
fracture within the bulk solder where the crack initiates and propagates. During the 
thermal cycling process, the solder joint alloy experiences varying stresses 
throughout the heating and cooling, which then builds accumulated plastic 
deformation and causes cracks to open exclusively on the solder alloy because the 
inelastic strain is highest near the silicon (Si) die—hence implying that the solder 






Figure 6. 17: SEM image of solder joint failure modes of the solder joints during temperature 
cycling showing cracked at component interface of eutectic 63Pb37Sn solder (An et al., 2018) 
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Hsieh and Tzeng (2014) investigated the solder joint fatigue life prediction in large 
size and low-cost wafer-level chip-scale (WLCSP) packages. The researchers 
evaluated the fatigue life of substantial size and low-cost WLCSP with SAC105 
solder joint alloys. The board-level reliability (BLR) thermal cycling test follows 
JEDEC models. The failure results of SAC105 in the BLR thermal cycling test is for 
185, and 188 cycles are shown in Fig. 6.18. Conclusively, the researcher obtained a 
modified Coffin-Manson equation for SAC105 solder joint fatigue life. With the 
currently existing equations, the solder joint fatigue life of a  large size and low-cost 
WLCSP can be determined by FEA simulations, and their results agree well with the 
experimental evaluations. The outcomes obtained are necessary and helpful if high 
reliability and cost reduction in large die size and low-cost WLCSP are desirable. By 
analysing the SEM images, the author concluded that the solder crack originally 
happened near the corner of the pad and solder ball. The solder joint crack propagated 
along at the top of the IMC layer underneath the pad and along the top surface of the 






Figure 6. 18: Failure results of SAC105 solder joint in board level reliability (BLR) thermal 
cycling test (TCT) in test vehicle (a) larger redistribution layer (RDL) pad size and (b) smaller 
redistribution layer (RDL) pad size  (Hsieh & Tzeng, 2014) 
Related studies by Mi et al. (2014) investigated the thermal cycling life prediction of 
SAC305 solder joint using type-I censored data. The authors carried out a thermal 
cycling test of lead-free BGA and fine-pitch ball grid array (FBGA) solder joint 
alloys connection structures and failure data are collected in their research. They 
predicted and determined the number of cycles to failure of lead-free solder joint 
alloys using a modified Engelmaier fatigue life model and a type-I censored data 
processing method with the main focus on the life prediction of BGA and FBGA 
packages. Fig. 6.19 (a) present a cross-section image of the solder ball after 2500 
thermal cycles. Cracks were seen to occur at the solder and Cu pad interface and tend 
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to increase along with the IMC layer. The empirical test outcomes show that lead-free 
solder joints' fatigue fracture under the thermal cycling test is creep fracture. 
In contrast, the crack initiation continuously occurs at the outer edges of solder 
alloys. The cracks are more pronounced at the four corners of solder joints under the 
maximal load, as shown in Fig. 6.19 (b). In conclusion, the modified Engelmaier 
fatigue model is observed to be a valuable and effective method for assessing the 
fatigue life of solder joints. The IMC layer is divided into Cu6Sn5 and Cu6Sn layers. 
The area close to SAC/Cu interface become the weak point of the entire solder joint 
due to of the fragility introduced by the increase of the IMC layer and holes in solder 






Figure 6. 19: Crack image after 2500 thermal cycles. (a) A complete solder joint and (b) a corner 
of BGA side (Mi et al., 2014) 
Similarly, work carried out by George et al. (2011) on the thermal cycling reliability 
of lead-free solders (SAC305 and Sn3.5Ag) for high-temperature applications shows 
similar deformation results as presented in Fig. 6.20. In their study, the researcher 
subjected ball grid arrays (BGA), quad flat packages (QFP), and surface mount 
resistors assembled with SAC305 and Sn3.5Ag solder pastes to thermal cycling from 
−40℃ to 185℃. The result of their work shows that the authors concentrated the 
failure on the package side of the solder joint, which is comparable to results obtained 
from our FEM (George et al., 2011). Several other investigators such as Xie et al. 
(2010), have reported cracks in the exact location except in certain conditions that 
fatigue failure is observed on the PCB side of the component shown in Fig. 6.21 (Xie 
et al., 2010). Other work by (Arulvanan et al., 2006; Che et al., 2006; Lall et al., 
2015; Lee & Lau, 2004; Zhang et al., 2003) also described the same crack location on 
the components section of the electronics package. 
 








Figure 6. 20: SEM image of a solder joint cracked at interface of solder and IMC at die side after 
being subjected to accelerated thermal cycling: (a) adapted package side crack on 144 I/O BGA 









Figure 6. 21: Typical failed SnAgCu solder joint cross-section (Syed, 2004) 
This study demonstrated that the failure mechanism and failure site in the BGA 
packages investigated and subjected to maximum cycling temperature of 150℃ is 
like those observed at lower temperatures. 
6.4.10 Prediction of the Fatigue Life of BGA Solder Joint Alloys 
The fatigue life of various solders considered in this work is presented in Table 6.2. 
The table shows that the solder joint alloys using four life prediction models of 
Engelmaier, Coffin-Manson, Solomon (low cycle fatigue), and Syed (Accumulated 
creep energy density) confirm SAC405 and SAC396 have the highest number of 
cycles and duration before been prone to thermal fatigue failure. SAC387 and lead-
based eutectic Sn63Pb37 has the lowest fatigue life cycle under thermal cycling for 
the four fatigue life prediction models used in this work. The solder joint’s fatigue 
failure is vital in the design consideration for various electronic manufacturing 
engineering industries. It is also noted that taking a stepwise approach to improve 
performance is recommended using the fatigue models used in this work. 
 
The thermal fatigue life of a solder joint has become a critical factor in the reliability 
of electronics products. Several life predictions models have been proposed and are 
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mainly obtained by associating stress, strain and strain energy density. The fatigue life 
model can be divided into five categories: stress, strain, creep strain, energy and 
cumulative damage. The section uses a life prediction model of solder joints under 
thermal cycling; the Engelmaier, Coffin-Manson, and Solomon models are 
accompanied by shear strain, plastic strain, and plastic shear strain during low cycle 
fatigue (Anderson et al., 2000). Engelmaier model is widely used to calculate the 
fatigue life of solder joints in microelectronic devices subjected to thermal cycling 
loading conditions. The author carried out FEA on the BGA samples of lead-based 
eutectic Sn63Pb37 and lead-free SnAgCu (SAC): SAC305, SAC387, SAC396 and 
SAC405 solder alloys to obtain the failure time and comparing the fatigue lives of the 
solder joint alloys. The accumulated creep strain energy per cycle is calculated with 
the creep energy density for failure presented in Eqs. 6.14 – 6.18. 
 
The parameters such as plastic strain, shear strain, plastic shear strain, and creep 
energy density used in the fatigue life cycle computation are extracted from FEA 
simulation why the constants are derived from several experimental results obtained 
by several peer-reviewed literatures. From the results obtained, SAC405 has the 
highest fatigue life to failure using the Engelmaier, Coffin-Manson, Solomon and 
Syed models followed by SAC396 solder as presented in Fig. 6.15. From the studies 
conducted, the author establishes that SnAgCu simulation-based prediction of fatigue 
life implies that SAC405 and SAC396 are the preferred solder joint alloys for the 
replacement of eutectic lead-based Sn63Pb37 for enhanced thermo-mechanical 
reliability of solder joints. The results corroborate well with the work by Syed (2004) 
whose mean life covers a range of data from 275 cycles to 10,027 cycles for SAC 
solder and 416 cycles to 5,953 cycles for SnPb solder joints. The results of this study 
show that lead-free SAC405 and SAC396 solder joint alloys had higher reliability 
than the lead-based eutectic Sn63Pb37 and lead-free SAC387 and SAC305 solder 
joints (Syed, 2004). The fatigue failure of the solder joint is vital in the design 
consideration for various engineering industries. It is also noted that taking a stepwise 
approach to improve performance are recommended using the fatigue models used in 
this work. This model takes the temperature and frequency into account, making it 
easier to get a more accurate result. The relationship is presented in equation 6.11, and 
the value of c is obtained from 𝑐 = −0.442 − (6 × 10−4)𝑇𝑠 + 1.74 × 10
−2 ln(1 + 𝑓) 











                                                                                           Equation 6. 11 
Where Nf is the mean cycle to failure, ∆γ is the cyclic shear strain range, εf
′ is the 
fatigue ductility coefficient (2εf
′  = 0.65 lead-based eutectic solder alloys and 2εf
′   =
0.48 for SAC solder alloys) (Clech et al., 2019) and c is the fatigue ductility exponent 
(c = -0.442 for eutectic and 0.5708 for SAC solder alloys), the modification of the 
fatigue ductility exponent 𝑐  takes the effect of the temperature 𝑇𝑠  and the cycle 
frequency 𝑓 into account. 
When plastic work and creep strain is the cause for solder joint fatigue crack 
according to Miner’s linear superposition theorem, we could get a plastic deformation 
and creep-based fatigue life equation combing the Knecht and Fox creep model with 
the Solomon fatigue model. 
With 𝑥 = 50, we could get ln(1 − 0.01𝑥) /ln0.5 = 1 which could be substituted 
into 𝑁𝑓(𝑥%) = 0.5(∆𝑦 2 𝑓⁄ )
1/𝑐
(ln(1 − 0.01𝑥) ln0.5⁄ )1 𝑚⁄ , we derive equation 6.11 
as 𝑁𝑓(50%) = 0.5(∆𝑦 2 𝑓⁄ )
1/𝑐
 (W. W. Lee et al., 2000; Mi et al., 2014). 
when solder joints are at extremely high temperature, creep failure dominates; and 
when exposed to temperature cycling, fatigue failure dominates (Borgesen et al., 
2018; Qasaimeh, et al., 2015; Hamasha et al., 2017; Su et al., 2018, 2019). If under 
the combination of both, the failure mechanism is generally referred to as creep-
fatigue (Akay et al., 1997; Paydar et al., 1993). The creep and fatigue of solder joints 
are primarily due to the mismatch of coefficient of thermal extension (CTE) between 
electronics component and PCB. Low-cycle fatigue (LCF) is associated with shorter 
fatigue life and higher stress, where stress level usually steps into the plastic strain 
range. Solder joint fatigue is regarded as a low-cycle failure. Hence most lifetime 
prediction models originate from the Coffin-Manson’s equation (Vasudevan & Fan, 
2008). Coffin-Manson model equation (Coffin, 1954) is widely used to predict the 
low-cycle fatigue life 𝑁𝑓  as a function of plastic strain range ∆ 𝑝 for solder alloys: 
𝑵𝒇
𝒎∆𝜺𝒑 = 𝒄                                                                                               Equation 6. 12 
where 𝑚 is the fatigue exponent and 𝑐 is the ductility coefficient. 
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Solomon proposed a low-cycle fatigue model (Equation 6.13) that relates the plastic 
shear strain to the fatigue life cycles for near eutectic solder joints at four different 
temperatures −50℃,35℃, 125℃ and 150℃ (Solomon, 1987, 1988). 
∆𝜸𝒑𝑵𝒇
𝜶 = 𝜽                                                                                               Equation 6. 13 
where ∆𝛾𝑝 is the plastic shear strain range and 𝛼 and 𝜃 are constants; For 60/40 Tin-
lead solder material from −50℃ to 150℃, 𝛼 and 𝜃 are estimated to be 0.51 and 1.14 
respectively (Qian & Liu, 1998; Su et al., 2019). 
where 𝑠0 is the initial value of 𝑠.  
𝑵𝒇 = (𝑾
′𝝎𝒂𝒄𝒄)
−𝟏                                                                                    Equation 6. 14                          
where 𝑁𝑓  = number of repetitions or cycles to failure; 𝜔𝑎𝑐𝑐  = Accumulated creep 
energy density per cycle; 𝑊′ = Creep energy density for failure 
Eq. (6.14) give the cyclic creep (fatigue) life due to varying and repeated stresses for 
single creep mechanism. 
The values of  𝜔𝑎𝑐𝑐  are calculated and used to determine the number of cycles to 
failure. Syed (2004)  has determined the values of be 𝑊′ experimentally to be 0.0019 




)𝑵𝒇                                                                                                               Equation 6. 15 
Where L is the mean fatigue life (in years), 𝑁𝑓 is the mean fatigue life (in cycles), 𝑡𝑐 
is the time per cycle (in seconds) and 𝑦 is one year (in seconds). 





                                                                                                         Equation 6. 16 
where E is the maximum creep energy density (Pa), 𝐸𝑐  is the maximum creep strain 
energy per cycle (Joule) and V is the solder volume (m3). 
The accumulated creep energy density (that is measure of solder damage) is derived 
from the relationships in equations (6.17) and (6.18). 
𝑬𝑨 = ∑ |𝑬𝒊 − 𝑬𝒊+𝟏|
𝒏
𝒕=𝟏                                                                                            Equation 6. 17 
∑ |𝑬𝒊 − 𝑬𝒊+𝟏|
𝒏
𝒕=𝟏 = |𝑬𝟏 −𝑬𝟐| + |𝑬𝟐 − 𝑬𝟑| + |𝑬𝟑 − 𝑬𝟒| + ⋯+ |𝑬𝒏−𝟏 − 𝑬𝒏|  Equation 6. 18 
Eqs. (6.17) and (6.18) presents accumulated creep energy density, 𝐸𝐴 is the sum of the 
absolute difference between the maximum creep energy density value in a cycle and 
the successive cycle; n is the number of cycles.  
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The results obtained for various solder joint alloys using the life prediction models of 
the Engelmaier, Coffin-Manson, Solomon and Syed show that SAC387 have the 
lowest fatigue life, with Engelmaier model having circa 2.44 years and the Coffin-
Manson model with circa 1.12 years. The highest fatigue life was on the SAC405 
with circa 18.74 years with the Engelmaier model and lowest circa 11.32 years with 
the Syed model. The plot of fatigue lives of BGA solder joints, including the mean 
fatigue (cycles) and mean fatigue lives (years), is presented in Figs. 6.21 and 6.22. 
Table 6.2 shows the fatigue life prediction models showing the mean fatigue life 
(cycles) and mean fatigue life (years) for Engelmaier, Coffin-Manson, Solomon and 
Syed. The results obtained in this work for the four fatigue life models (Engelmaier, 
Coffin-Manson, Solomon and Syed) investigated for the five solder joint alloys agrees 
with the study carried out by Ekpu et al. (2014) and Hamasha et al. (2015) for 
SAC305 solder alloys (Fig. 6.23). The outcomes show that SAC305 solder joint alloy 
has a margin of error 12%  higher than those reported by the investigators why 
SAC387 is within the margin of error of 18.5% lower than the result obtained by Tao 
et al. (2020) for the SAC387 solder alloys in this work (Ekpu et al., 2014; Wentlent, 
et al., 2015; Tao et al., 2020).  
This investigation results in a new finding for the five solder joint alloys' fatigue life 
predictions. The author concludes that this research provides a new method for 
determining BGA components' preventive maintenance time in mission-critical 
systems such as under-the-hood of an automobile, aerospace etc. 
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Figure 6. 22: Fatigue Lives of BGA solder joints 
 194 
 
Figure 6. 23: Comparison of the fatigue lives of solder joint alloys from this work with data from peer-reviewed literature 
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Table 6. 2: Table of Fatigue Life Prediction Models 
Solder 
Alloys 
Fatigue Life Prediction 

























Sn63Pb37 4.95 2.29 3.45 5.11 3.9 2.8 2.7 4.9 4.0 3.6 0.352 
SAC305 11.08 3.78 11.82 7.79 8.8 4.6 9.4 3.6 8.6 6.6 0.298 
SAC387 2.44 0.26 1.91 1.74 1.9 0.3 1.5 1.7 1.6 1.4 0.768 
SAC396 13.63 9.01 13.08 9.7 10.8 11 10.4 7.6 11.4 10.0 0.256 
SAC405 18.74 15.16 13.98 11.32 14.9 18.5 11.1 8.3 14.8 13.2 0.165 
 196 
6.4.11 Prediction Model Evaluation  
As temperature cycling drives fatigue failure of solder joints in electronic modules, 
characterisation of the thermal fatigue response of different solder alloy formulations 
in BGA solder joints functioning in mission-critical systems has become crucial. 
Four different lead-free (SAC305, SAC387, SAC396 and SAC405) and one eutectic 
lead-based (Sn63Pb37) solder alloys in BGA solder joints are characterised against 
their thermal fatigue lives (TFLs) to predict their mean-time-to-failure for preventive 
maintenance advice.  Five finite elements (FE) models of the assemblies of the BGAs 
with the different solder alloy compositions are created with SolidWorks software. 
The models are subjected to standard IEC 60749-25 temperature cycling in ANSYS 
mechanical package environment. Plastic strain, shear strain, plastic shear strain, and 
accumulated creep energy density responses of the solder joints are obtained and 
inputted into established life prediction models – Coffin Manson, Engelmaier, 
Solomon and Syed – to determine the lives of the models.    
SAC405 joints have the highest mean predicted TFL of circa 13.2 years, while 
SAC387 joints have the least life of circa 1.4 years. The predicted lives are inversely 
proportional to the magnitude of the areas of stress-strain hysteresis loops of the BGA 
solder joints. The prediction models are significantly not consistent in predicted 
magnitudes of TFLs across the solder joints. With circa 838% variation in the 
magnitudes of TFL predicted for SAC387, the damage parameters used in the models 
played a critical role and justifies that a combination of several failure modes drives 
solder joints damage. 
This research provides a technique for determining the preventive maintenance time 
of BGA components in mission-critical systems. It proposes developing a new life 
prediction model based on a combination of the damage parameters for improved 
prediction. Figs. 6.24 and 6.25 show a plot of fatigue lives of solder joint alloys using 
the four life prediction models and percentage change in predicted life and the range 
of predicted life against solder alloys. 
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Figure 6. 24: Plot of fatigue lives of solder joint alloys using the four life prediction models 
 




6.5 Summary  
This research provides a method of determining the preventive maintenance time of 
BGA components in mission-critical systems. It proposes developing a new life 
prediction model based on a combination of the damage parameters for improved 
prediction.   
• BGA joints made of SAC387 solder accumulated the highest stress, strain 
energy density, plastic strain, shear strain, plastic shear strain, and creep 
energy density magnitudes. Consequently, it has the lowest fatigue life across 
all prediction models.  
• Lead-based SAC405 and SAC396 have the lowest stress magnitude, plastic 
strain, and creep energy density with SAC396 and Sn63Pb37 with the lowest 
strain energy density, shear strain, and plastic shear strain. This shows that the 
fatigue lives in SAC405 and SAC396 are the highest on all the model 
considered in this work and essential for predicting the solder joint alloys' 
fatigue lives.  
• The fatigue lives' outcome shows that the lower the parameters such as the 
stress magnitude, strain energy density, plastic strain, shear strain, plastic 
shear strain, and creep energy density on the solder alloys, the higher their 
fatigue lives obtainable (Figs. 6.24 and 6.25). An increase in the soldiers' 
fatigue life cycle means that the fatigue crack's rapid development is 
observable before a fracture occurs. It further confirms that as the damage 
parameter increases with the increasing life cycle, the fatigue crack initiation 
is the stage for the fatigue life service development on the BGA solders. 
• It is observed that the plastic strain, shear strain and plastic shear strain drive 
damage of BGA solder joints. However, the mechanism in which they derive 
the failure differs. As moderate shear strain - mostly plastic shear strain - is 
desirable to keep the joints' stress at a minimum, the SAC405 will experience 
the least damage by this mode of failure than the other solders considered. The 
joints of SAC387 will fail by excessive plastic deformation leading to crack 
initiation and propagation across the solder bump joints. Conversely, the 
SAC396 and Sn63Pb37 will fail by stress-induced cracking. The highest silver 
lowest copper contents accounted for this excellent SAC405 strain response. It 
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explains why it has the smallest area under the plastic strain curve and the 
least degradation rate at 0.000734/cycle. 
• SAC405 joints have the highest predicted TFL of circa 13.2 years, while 
SAC387 joints have the least life of circa 1.4 years. The predicted lives are 
inversely proportional to the magnitude of the areas of stress-strain hysteresis 
loops of the solder joints. The prediction models are significantly consistent in 
predicted magnitudes across the solder joints irrespective of the damage 
parameters used. The observation recognises a significant variation in the 
models' predicted values and justifies that several failure modes drive solder 
joints, damage mechanics.  
• Predicting these solder joints' fatigue life prevents problems in electronics 
design for reliability and quality, resulting in lost revenue if not taken care of. 
Predictive fatigue analysis can also considerably reduce premature failure, and 
modern analysis technique such as one used in this research is progressively 
helping to provide comprehensive product life expectancy data. The electronic 
manufacturing engineering and industry can predict the number of cycles to 
failure for BGA solder alloys by employing a life prediction models 
relationship and accelerated thermal cycle (ATC) test results. 
• Temperature cycling is observed to induce thermal shock load in the BGA 
solder joints, critical within the first temperature cycle. BGA solder joints 
yields between cycles 1 and 2. The SAC387 demonstrate the highest 58 MPa 
magnitude of yield stress and is bound to fail first. The SAC405 acquired the 
least yield stress of 22 MPa magnitude and is bound to be more reliable during 
field operation. Since plastic deformation of the solder joints covers 75% of 
the temperature cycling test, they operate in the plastic range during field life. 
Thus, its plastic response is vital.  
• In conclusion, the plastic strain, shear strain range, fatigue ductility, equivalent 
plastic shear strain, accumulated creep energy density and creep energy 
density for failure are damage parameters used to determine the thermal 
fatigue lives of solder joints in electronic assemblies and agree with results 
from peer-reviewed literature. 
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CHAPTER 7 
RANDOM VIBRATION INVESTIGATION OF BGA 
SOLDER JOINTS UNDER MECHANICAL LOADING  
7.1 Introduction 
Vibration-induced solder joint fatigue failure is a significant reliability interest for the 
automobile, military and aerospace industries whose electronic devices used in the 
field is required to remain operative under harsh or severe environmental loading 
conditions. Due to the Restriction of Hazardous Substances Directive (RoHS) 
compliance (Directive 2002/95/EC) on electrical and electronic equipment, which 
ultimately stopped lead (Pb) from being used in electronic devices because of its 
hazardous substances, there is a need for a state-of-the-art understanding of lead-free 
thermal and mechanical behaviour under vibration conditions for solder joints. 
Electronic devices used for the underhood of automobile, military and aerospace 
applications can face an extensive series of environmental stresses, primarily due to 
mechanical (shocks, vibrations) loadings and thermomechanical (thermal variations 
(Redman-White, 1990). According to the American Air Force data, more than 20% of 
electronic products fail under vibration and shock environment, while 75% of failure 
is induced by temperature and vibration. This problem is more severe with the 
application of lead-free solders and mixed solders because lead-free solder alloy has 
higher rigidity and lower elasticity than the traditional SnPb solder alloy. 
 
The investigation aims to evaluate the effect of random vibration on the reliability of 
BGA solder joints. This study implements the magnitude of the elastic strain in 
predicting the fatigue lives of various interconnections. The objectives of this chapter 
include: 
• Determination of directional deformation, equivalent stress, and normal elastic 
strain. 
• Study the effects of directional deformation, elastic strain and equivalent stress 
on the solder joint alloys. 
• Determination of solder joint alloys' fatigue lives based on random vibration 
analysis of various interconnections using four life prediction models 
(Engelmaier, Coffin-Manson, Solomon and Syed). 
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• Compare and benchmark the best solder joint alloys based on the fatigue life 
of random vibration obtained in this study. 
7.2 Types of Vibrations 
Vibrations are categorised into deterministic and non-deterministic. Fig. 7.1 shows the 
different types of vibrations. This research focuses on considering the random 
vibrations in a BGA electronic device soldered on PCB. The vibration is classified in 
several ways below: 
• First classification: Free and Forced vibrations 
• Second classification: Undamped and Damped Vibrations 
• Third classification: Linear and Non-linear Vibrations 
• Fourth classification: Deterministic and Random vibration (Non-deterministic) 
This chapter will deal with the random vibrations (non-deterministic) of solder joints 
when applied to BGA soldered on PCB electronic components using five different 
solder joint alloys (lead-based Sn63Pb37, and lead-free SnAgCu: SAC305, SAC387, 
SAC396 and SAC405). 
• Deterministic vibrations – If the value or magnitude of the excitation acting 
on a vibratory system is known at any given time, the excitation is called 
deterministic. 
• Non-deterministic or random vibration occurs when we cannot predict 
excitation at a given time. It is possible in these cases to estimate the averages, 
such as the mean and mean square values of excitations. Examples of random 
excitations include an automobile riding on a rough road, wave height on the 
water, or the load induced on an aeroplane wing during flight. 
 
Figure 7. 1: Types of vibrations 
Types of Dynamic Analysis 
Table 7.1 shows the different types of input and output of dynamic analysis in a 
random vibration environment. The table shows dynamic analysis types such as 
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modal, power spectral density, harmonic, transient and spectrum, and input and 
output. 
Table 7. 1: Types and Input and Output of a Dynamic Analysis 




-Natural frequencies and 





Spectrum representing the 
probability distribution of 
excitation 




excitations across a range 
of frequencies 
-Sinusoidally-varying response at 
each frequency 
-Min/max response over a 
frequency range 
Transient Time-varying loads Time-varying response 
Spectrum 
Spectrum representing the 
response to a specific time 
history 
Maximum response if the vibration 
subjected the model to the time 
history 
7.1.1 Modal Analysis 
Modal analysis is a modern method used to study the dynamic structural 
characteristics, and it is the application of system identification in the field of 
engineering vibration. The mode is the inherent vibration characteristic of mechanical 
structure, and each mode has a specific natural frequency, damping ratio and modal 
shape. Vibration mode is the intrinsic and holistic characteristics of an elastic system. 
The author used the modal analysis to master structural modal characteristics at a 
particular frequency range and predict structural actual vibration response at the 
specific frequency range under various internal and external vibration sources. 
Through modal analysis, natural frequency and vibration mode changes are contrasted 
between the equivalent model and acceptable model to determine whether a 
simplified and equivalent mode is reasonable and feasible. The basic equation of 
typical and undamped modal analysis is a classical eigenvalue problem is: 
[𝑲]{∅𝒊} = 𝝎𝒊
𝟐[𝑴]{∅𝒊}                                                                                               Equation 7. 1 
where [𝐾]  is a stiffness matrix; [∅𝑖]  is the vibration mode vector (characteristic 
vector) of the 𝑖 order mode; 𝜔𝑖 is the natural frequency of 𝑖 the order mode; 𝜔𝑖
2 is an 
eigenvalue; [𝑀] is a mass matrix.  
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Random vibration is a kind of vibration whose motion cannot be pre-defined. Its 
motion rule cannot be described using a definite function but just probability and 
statistics methods. There exist uncertainties in random vibration observed from the 
single-pass phenomenon of vibration. Still, its statistical feature is positive according 
to the overall analysis of tests under the same conditions. Random vibration always 
has bandwidth form observed from intensive frequency range such as the vibration of 
cars for the uneven road, aircraft for atmospheric turbulence, and ship from the wave 
are all classified as random vibration. The linear dynamic equilibrium equation of 
continuous structure (matrix form): 
[𝑴]{?̈?} + [𝑪]{?̇?} + [𝑲]{𝒖} = {𝑭}                                                                         Equation 7. 2 
where [M] is a structural mass matrix; {?̈?} is the nodal acceleration on vector; [C] is a 
structural damping matrix; {?̇?} is the nodal velocity vector; [K] is a stiffness matrix; 
{𝑢} is the nodal displacement vector; [F] is an incentive or applied load vector.  
Note that this is simply a force balance: 
[𝑴]{?̈?}⏞    
𝑭𝒊𝒏𝒆𝒓𝒕𝒊𝒂𝒍
+ [𝑪]{?̇?}⏞    
𝑭𝒅𝒂𝒎𝒑𝒊𝒏𝒈




                                                              Equation 7. 3 
 
Modal Analysis Procedure 
The free vibration analysis procedure is very similar to performing a linear static 
analysis. The procedures in a modal analysis are as follows: 
• Build the model and attach geometry. 
• Assign material properties. 
• Define mesh controls. 
• Define and choose the analysis type and options. 
• Include supports. 
• Request frequency finder results. 
• Apply boundary conditions and solve the model. 
• Review results (deformation, stress and strain output). 
7.1.2 Benefits of Modal Analysis 
• Enables the design to avoid resonant vibrations or to vibrate at a specified 
frequency. 
• Provides electronic manufacturing engineers or industry with a concept of 
how the design will react to varying types of dynamic loads.  
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• Supports in the calculation of solution controls (time steps, etc.) for other 
dynamic analyses. 
7.2 Random Vibration of BGA Electronic Packages 
Several researchers have studied the vibration reliability of the electronic component, 
and some novel methods of test and prediction for solder joints have been developed. 
For instance, Wong et al. proposed a component level E-N (board strain versus 
several cycles to failure) curve approach to characterise BGA package solder joint 
fatigue under vibration input. The conclusions revealed that the E-N curve has a linear 
trend indicating the metrology's robustness, which was validated using board strain as 
a metric to study solder joint fatigue. The linear relationship between the solder joint 
stress and board strain confirmed the use of board strains an optimum engineering 
metric to monitor the severity of the solder joint stress and applied to explain the 
location of crack initiation and the direction of crack propagation as observed 
experimentally (Wong et al., 2007).  
 
Grieu et al. (2008) confirmed time stress responses of solder joints from transfer 
functions obtained by FEA vibration simulation. The damage of solder joints was 
determined by applying Palmgren-Miner's Basquins's law (Grieu et al., 2008). Yang 
et al. (2000) produced an experimental examination to assess the dynamic fatigue 
properties of the PBGA integration system. The mechanical failure behaviour of 
solder joints under vibration analysis is not entirely known, and the report about the 
random vibration reliability of different solder alloys such as lead-based eutectic 
Sn63Pb37, and lead-free SAC solder alloys: SAC305, SAC387, SAC396 and 
SAC405 is necessary In this chapter, the author employed ANSYS software for the 
FEA simulation, and a quarter 3D BGA assembly model was developed for modal 
and random vibration analysis. The author also applied the submodel to reduce 
simulation time because of the intricacy of the whole and quarter model of the BGA 
on the PCB component. The author also analysed the vibration response, including 
the deformation, stress and elastic strain distribution of solder joints, constituting the 
FEA simulation result. 
Random vibration is unique in that all the frequency within a given bandwidth are 
present all the time and instantly. This means that when an electronics system is 
subjected to a random vibration environment over a frequency bandwidth from 100 to 
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1000Hz, all the structural resonances of the electronics system within the same 
bandwidth will be excited at the same time (He & Fu, 2001; McConnell & Varoto, 
2009; Mitchell, 1997).  
 
Random vibration environments in the electronics industry deal typically in Power 
Spectral Density (PSD) measured in gravity units. According to the joint electron 
device engineering council (JEDEC), vibration will be applied to the component outer 
surface casing to simulate the expected vibration during processing and packaged 
shipment (Jayesh & Elias, 2019). The dynamic characteristics such as natural 
frequency and mode shapes are identified by conducting the modal analysis. Modal 
analysis is based on the fact that the researcher can express a linear time-invariant 
dynamic system's vibration response as the linear combination of a set of simple 
harmonic motions called the natural frequency modes of vibration. The natural modes 
of vibration are inherent to a dynamic system and are determined entirely by their 
physical properties (mass, stiffness, damping) and their spatial distributions (Mitchell, 
1997). The author assigned boundary conditions to the model after completing the 
modal analysis and obtain the natural frequencies and mode shapes from the FEA 
simulation. 
 
Yu et al. (2011) investigation used the sinusoidal vibration tests and harmonic FEA to 
generate the strain-life (E-N) curves of lead-free (SAC305 and SAC405) solder joints. 
It assessed the fatigue life of a BGA solder assembly under random vibrations (Yu et 
al., 2011). The work by Liu & Meng (2014) carried out a random vibration test. It 
compared the input power spectral density (PSD) levels with the observed failure 
modes to assess the high cycle fatigue (HCF) of SAC305 BGA packages. Their work 
shows that the higher the random vibration loading imposed on the PCB assembly, 
the shorter the fatigue life of BGA will have. When the vibration intensity approaches 
a level, the life of solder joints will swiftly decrease. Therefore, the models should be 
used during the service to minimise the external excitation as much as possible (Liu & 
Meng, 2014). The same researcher reviewed the fatigue life prediction of BGA solder 
joints under random vibrations and derived the associated fatigue curve using 
numerical simulations (Liu et al., 2015). Random vibration is more characteristic of 
modern-field environments produced such as by an automobile on a rough road. 
Hence, it gives a more practical test. Random vibration is more characteristic of 
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modern-field environments produced by an automobile on a rough road. Hence, it 
gives a more practical test.  
 
The research by Jayesh and Elias (2019) studied the FE modelling and random 
vibration analysis of BGA electronic unit soldered using lead-free solder alloy − Sn-
1Cu-1Ni-1Ag. The study states an analysis process based on FEA and vibration tests 
to predict the failure and fatigue life of the electronic package soldered using Sn-1Cu-
1Ni-1Ag under random vibration. The authors validated the FEA results with 
experiments (impact test). The researchers similarly performed random vibration 
analysis and validated the findings obtained through FEA with random vibration 
experiments. The outcome predicted that the corner solder joints would fail first. In 
the random vibration experiment, the researchers also observed that the corner solder 
joint failed first, and the maximum stress generated was 12.8 MPa. Thus, Sn-1Cu-
1Ni-1Ag is a promising lead-free solder joint alloy under random vibration combining 
with its mechanical properties, which were mentioned as a suitable replacement for 
the Sn-Pb solder alloy (Jayesh & Elias, 2019). The schematic results of work carried 
out by Jayesh & Elias (2019) are presented in Figs. 7.2, and 7.3. The researchers also 
observed the failure of the solder joint from FEA and experiment. The SEM 
schematic shows that the corner solder ball of the package has failed. 
 
As stated previously, researchers categorise the failure causes in electronic equipment 
as vibration/shock impact and thermal cycling. Because thermal loading appears to be 
the primary cause of electronic component failures, a more substantial part of 
investigative work focuses on the fatigue life prediction models and failure 
mechanisms under thermal loading. At the same time, several studies have examined 
vibration loading. In field-use conditions, an electronic component is exposed to 
different vibration loadings during its manufacturing process, shipping and service 
life, such as the automotive electronic systems that encounter a significant number of 
random vibrations during their service life vibration-induced failure is one of the most 
critical reliability concerns. Most electronic systems used in vibration environments 
are subjected to random vibration instead of harmonic excitations. Nevertheless, a 
substantial part of the investigation on fatigue is only involved with predicting the 
fatigue life of electronic components when exposed to sinusoidal vibration (Yu et al., 
2010). 
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Several studies have shown that the number of electronic devices in the automobile 
manufacturing industry has developed significantly over the last 20 years. The 
miniaturisation of electronic systems accomplishes a more crucial performance for 
reliability. An increase in electronic devices has led to placing these control units in 
different positions, such as in the engine compartment and cockpit. To guarantee the 
necessary reliability level, all these mechanical loads need to be investigated and 
analysed. This chapter will focus on the damage induced by random vibrations on a 
surface-mounted device (SMD) solder joint. Both thermo-mechanical and vibration 
loads produce cracks on the solder joint. The loads which damage the solder joints 
under vibrations are comparatively small and create stresses. Indeed, the damage is 
caused by repeated elastic deformations, which, after a considerable amount of load 
cycles, causes substantial damage to the solder joint. This classification of mechanical 

























Figure 7. 3: SEM image of the corner solder ball of the package failed (Jayesh & Elias, 2019) 
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In contrast, the damage induced by much higher stresses due to thermo-mechanical 
loads is called low cycle fatigue (LCF). Barry et al. (2007) investigated the HCF 
testing of lead-free solder joints. The investigators developed a process to achieve S-
N curves for different lead-free solder, such as the SnAgCu solder alloy materials. An 
example of modelling a chip under vibration is presented by  Grieu et al. (2008). They 
studied the durability modelling of a BGA component under random vibration.  In the 
conclusion of their work, a computation procedure establishes time-stress responses 
from transfer functions obtained by FEA vibration simulation and a damage 
calculation using Palmgren-Miner's rule and Basquins's law is made. Nonetheless, this 
approach does not directly correlate the board's curvature with the stress on the solder 
joint. 
 
Samavatian et al. (2018) investigated the effects of system design on fatigue life of 
solder joints in BGA packages under vibration at random frequencies. The authors 
examined three different circuit board configurations to determine the best system 
design for a longer fatigue lifetime in their work. They utilised the commercial 
ABAQUS software to simulate the model and determine the electronics circuit's stress 
distribution. The schematic of the designed configurations and crack initiation and 
propagation in solder ball after the ageing test is presented in Fig. 7.4. The conclusion 
of their work shows how changing the location of electronic components on a circuit 
board can affect the fatigue life reliability of solder joints in BGA packages. The 
results also demonstrate that the solder joints in BGA packages undergo the highest 
stress. The research by the author located the stress concentration at the interface of 
the solder ball and PCB. Furthermore, the author revealed that the location of 
different solder alloy parts of the system on the board could influence the stress 
distribution. In general, it is determined that a system with the heat sink at the corner 
of the board, away from the BGA packages, will exhibit the most extended fatigue 














Figure 7. 4: (a) Schematic of BGA on PCB geometries (b) Crack initiation and propagation in 
solder ball after ageing in a package (Samavatian et al., 2018) 
The work carried out by Shen et al. (2018) studied the random vibration analysis of 
BGA with different size of the SAC0307 solder joint. They examined the BGA 
package structure’s mechanical properties under random vibration load based on the 
FEA software, including the influence of the solder joint's height and radius on the 
BGA package structure's mechanical properties. The researcher analysed this through 
the stress nephogram of the solder joint array and BGA packaging structure. The 
results obtained by the investigators show that the solder joint array has more 
significant stress than other parts when the BGA package structure is subjected to 
random vibration load and that the stress at the corners of the solder joint array is the 
greatest. In other words, the cracks produced gradually expand inward from the solder 
joint outer point on one side of the test plate (Shen et al., 2018).  
Hua et al. (2016) investigated the solder joint shape parameters on the solder joint's 
stress and strain in the random vibration condition. They established the FE model of 
the optical interconnect module. Their work outcomes demonstrate that the 
distribution of the stress and strain of the solder joint array is not uniform, and the 
change tendency of the stress and strain is presented by the inner layer of the solder 
joint to the outer solder joint. The maximum stress and strain value of solder joints are 
in the corner of the solder joints array region’s outer layer. The stress and strain 
distribution results of the solder joint are presented in Figs. 7.5 and 7.6 (Hua et al., 
2016). 
Under random vibration loading condition, with an increase in the volume of the 
solder joint, the maximum stress magnitude and strain of the solder joint array 
revealed a tendency to decrease; With the rise in solder joint height and pad diameter, 
the maximum stress and strain value of the solder joint array is observed to be 
Content removed due to copyright reasons 
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increasing. Therefore, reducing the solder joint height and diameter of the pad and 
increasing the solder joint’s size can effectively reduce the maximum stress 
magnitude and strain of the solder joint array and improve the solder joint's reliability. 
As presented in Figs 7.5 and 7.6, the maximum stress and strain value of the upper 
layer solder joint is likewise noticed in the solder joint corner section. The stress 
magnitude and strain value of the lower layer are higher than that of the upper layer. It 
is seen that the lower layer of the solder joint array is more likely to be the failure 









Figure 7. 5: (a) Stress distribution and (b) Strain distribution of bottom layer of solder joint (Hua 









Figure 7. 6: (a) Stress distribution and (b) Strain distribution of upper layer of solder joint (Hua 
et al., 2016) 
In another study, Wen et al. (2011) investigated the lifetime analysis of lead-free ball 
grid array solder joints under random vibration. Their work outcomes show that the 
lead-free solder joint is susceptible to the random vibration load (Wang et al., 2011). 
Tang et al. (2016) studied the random vibration responses of PBGA solder joints with 
different structure parameters using ABAQUS simulation software. The results are 
very similar to what Hua et al. (2016) seen. The maximum stress of PBGA solder 
joints appears at the points close to the PCB and the solder joint grid's corners. The 
solder joints' highest stress is directly proportional to the solder joint height while 
inversely proportional to the solder joint diameter and the distance between the joints. 
Content removed due to copyright 
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The highest stress of the solder joints attains its most significant condition of 
842.4MPa when the solder joint's diameter and height and the distance between the 
solder joints are 0.66, 0.60 and 1.27 mm, respectively (Tang et al., 2012). In a similar 
work, Wang et al. (2012) investigated Pb-free BGA solder joints' reliability under 
random vibration. They examined the effect of chip location on BGA solder joint 
under random vibration on a PBGA208 assembly. Their work was concerned with the 
reliability of lead-free BGA packaging under random vibration, including the effect of 
BGA location on the PCB and holding positions during tests. The authors designed 
the particular circuit to detect the BGA ball circuit's voltage and the actual failure 
time of solder joints during tests. In conclusion, compared with corner fixation, PCB 
under edge fixation at a higher resonant frequency, and the BGA joints have higher 
volumetric average effective strains. The authors observed BGA joints on the chip 
middle mounted to possess a higher strain (Wang et al., 2012). 
 
Most electronic devices employed in vibration conditions are subjected to random 
vibration loading instead of harmonic excitations. More investigators have been 
concerned with the failure mechanisms and fatigue life prediction models under 
random vibration loading. A practical FE analysis will help detect a potential failure 
and predict the reliability of the solder joints. To evaluate the reliability of BGA on 
PCB assemblies under vibration loading using different modelling technologies such 
as a submodel method has been used to perform dynamic response analysis. Dynamic 
response analysis is an integral method of the engineering process of finite element 
analysis (FEA). An FEA simulation software is used to calculate a typical response by 
selecting individual modes to load. It depends on the load's frequency content, 
magnitude, direction, duration and location (Dave, 2013; Lee & Ham, 1999; Tsai et 
al., 2007; Yang et al., 1998). Chen et al. (2008) studied the effect of combining 
random vibration test with FE analysis for the fatigue life estimation of PBGA 
components. They developed a technique that combines the vibration failure test, 
FEA, and theoretical formulation for the computation of the electronic component's 
fatigue life under vibration loading. Because the solder balls are too miniature for 
direct determination of their stresses, FEA is employed for obtaining the stresses. The 
vibration test's real displacements are then inputted into the FEA model when 
performing the stress analysis. Accordingly, the stress versus failure cycles (S–N) 
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curve is created by comparing the stresses obtained on the solder balls and the number 
of failure cycles in the vibration test. 
 
In this study, the author performed random vibration on lead-based eutectic Sn63Pb37 
and lead-free SnAgCu (SAC305, SAC387, SAC396 and SAC405) solder joints with 
FEA simulation software. Based on the modal test and simulation, the author set an 
FE model to examine the BGA solder joint alloys' failure. The effects of random 
vibration simulation were validated by the experimental results obtained from the 
peer-reviewed literature. Several studies have been undertaken in random vibration 
analysis areas, but none has investigated a benchmarked comparison for the five 
solder joint alloy materials considered in this work when subjected to random 
vibration; therefore, there is a necessity for this investigation. 
 
Random vibration is being specified for acceptance, screening, and qualification tests 
by commercial, industrial, and military electronic equipment manufacturers. It has 
been shown that random vibration closely represents the actual environments in which 
the electronic equipment must operate ate (Steinberg 2000). This includes aerospace, 
missiles, automobiles, trucks, trains, and tanks as well as chemical processing plants, 
steel rolling mills, foundries, petroleum drilling machines, and numerically controlled 
milling machines etc. Electronic packaging designers, manufacturers and engineers 
must understand the fundamental nature of random vibration and fatigue, to design, 
develop, and produce cost-effective and lightweight structures that can operate in the 
desired environments with a high degree of reliability.  
Random vibration is unique in that all the frequencies within the bandwidth are 
present simultaneously at any instant of time for every frequency. When the 
frequency bandwidth is from 20 to 10,000 Hz, every natural frequency of every 
structural member between 20 and 10,000 Hz will be excited at the same time. This 
includes aerospace, missiles, automobiles, trucks, trains, tanks, chemical processing 
plants, steel rolling mills, foundries, petroleum drilling machines, numerically 
controlled milling machines, etc. Electronic packaging designers, manufacturers and 
engineers must understand the fundamental nature of random vibration and fatigue to 
design, develop, and produce cost-effective and lightweight structures that can 
operate in the desired environments with a high degree of reliability. Random 
vibration is unique because all the frequencies within the bandwidth are present 
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simultaneously at any instant of time for every frequency. When the frequency 
bandwidth is from 20 to 10,000 Hz, every natural frequency of every structural 
member between 20 and 10,000 Hz will be excited at the same time. This includes 
every fundamental natural frequency and every higher harmonics of every structural 
member within that bandwidth. The electronic packages are subjected to low 
amplitude and high cyclic frequency loads; for example, the researcher subjected 
handheld electronic components to random vibration loads during transportation and 
their actual service life.  
Hence, the response of electronic components of the underhood of an automobile etc., 
when subjected to random vibration loads are studied in this work. In performing 
random vibration analysis on electronic components, five solder alloys in electronic 
packages performing similar functions are analysed to compare their random 
vibration loads effects. The packaging considered in this investigation is a BGA on 
the PCB electronic package. The methodology used in the random vibration analysis 
of BGA solder joints soldered on PCB is presented in Fig. 7.6. For clarity sake, the 
FEA was investigated using ANSYS software, and the author obtained an 
experimental result used in the validation of the FEA results from several peer-
reviewed literatures. 
7.3 Fatigue Life Prediction Model of Random Vibration 












                                                                                  Equation 7. 4 
where 𝑛𝑠 is the actual number of cycles under stress amplitude S, 𝑁𝑠 is the number of 
cycles to failure under stress amplitude S, N is the total cycle number to failure when 
the failure occurs, 𝑝(𝑆) is the probability density function of stress amplitude S. 
Based on strength theory, fatigue curve equation within a limited life given by: 
𝑺𝒌𝑵𝒔 = 𝑪                                                                                                               Equation 7. 5 
where C and k are both material constants, which can be determined by fatigue test. 
In the stochastic theory, the peak probability density function of a narrow-band 









                                                                                                       Equation 7. 6 
where  
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𝝈 = √∫ 𝑮(𝒇)𝒅𝒇
+∞
𝟎
= 𝑺𝑹𝑴𝑺                                                                                       Equation 7. 7 
where 𝜎 is the standard deviation of random stress S and 𝑆𝑅𝑀𝑆 is the corresponding 
root mean square. 
Combining Eqs. (7.4 – 7.7), the total damage of the narrow-band random process can 


















                                                                 Equation 7. 8 
where Γ(∙) is Gamma function. 
When D = 1, the electronic component fails completely in theory, however, D values 
are different for different electronic components. Steinberg gave the recommended D 
values for various electronics (Sternberg, 1988) as: 
• D is 0.7 for typical electronic structures.  
• D is 0.3 for critical life-cycle electronic systems (human lives in danger). 
Solder joints will fail here provided D = 0.7. Researchers can calculate the total cycle 









                                                                                                       Equation 7. 9 
This is also the fatigue life T of a typical electronic structure under narrow-band 









                                                                                                   Equation 7. 10 
where 𝑣0 is the expressed positive zero-crossings intensity, which is very close to the 
expected peak intensity 𝑣𝑝 . 𝑚0  is the 0
th spectral moment while 𝑚𝑖 , 𝑣0  and 𝑣𝑝 are 
defined as: 








, 𝒗𝒑 = √
𝒎𝟒
𝒎𝟐
                                                                                             Equation 7. 12 
where 𝐺(𝑓) is the one-sided PSD of random stress S. f is the frequency and 𝑚𝑖 is the 
ith spectral moment. 
The fatigue life prediction of BGA lead-free solder joints subjected to vibration 
loading can be evaluated by a two-parameter Weibull distribution (Che et al., 2003). 
The mean time to failure (MTTF) is described as: 






                                                                 Equation 7. 13 
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Where 𝛽  is the shape parameter, 𝜂 (𝜂 > 0)  is the scale parameter which is also 
fatigue life when the failure of BGA lead-free solder joints is 63.2% of the total time 
(Liu et al., 2015). 
Solder joint alloys have different failure conditions due to changing force conditions, 
but research has shown that the first solder joint to fail will lead to chip failure (Kim 
et al., 2013). According to the FEA simulation analysis, solder joint with the highest 
strain seems to fail first, and its’ lifetime further represents the life of the whole 
package.  
7.3.1 Computation of Allowable Cycle Count 
The fatigue life of solder joints is estimated using the Coffin-Manson empirical 
method, which is regarded as one of the most effective and efficient techniques 
employed in predicting the fatigue life of solder joint alloys considered in this study. 
The author applied it in the calculation of the allowable number of cycles of the solder 
materials through the strain response peak ε, and the formula is expressed as (Wong et 


















                                                          Equation 7. 14 
where ∆ 𝑡 is the total strain range; ∆ 𝑒1 is the elastic strain range; ∆ 𝑝1 is the plastic 
strain range; 𝜎𝑓
′ is the fatigue strength coefficient; 𝐸 is the material elastic modulus; 
𝑁𝑓 is the fatigue life cycles; 𝑏 is the fatigue strength index; 𝜺𝒇
′  is the fatigue plasticity 
coefficient; 𝑐 is the fatigue plasticity index.  
This resulting output will only consider the elastic strain why other strain values are 
ignored or discarded. The author study, therefore, converts Eq. (7.14) to: 







𝒃                                                                                          Equation 7. 15 
where  is strain amplitude; 𝜎𝑢 is tensile strength of the material. 
Based on the study carried out by (Wei, 2014; Yingnan, 2016), 𝑏 = −0.12for SAC 
solder alloys. The tensile strength and elastic modulus values are obtained according 
to several validated references from peer-review literature such as Nelco & Triazine 
(2016). The strain value is obtained from the results obtained for random vibration 




Figure 7. 7: Methodology used in the random vibration analysis of BGA solder joint alloys 
soldered on PCB  
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7.3.2 Cumulative Fatigue Cycle Count Computation  
According to a study carried out by Wei (2014), the probabilistic characteristic of the 
random vibration originates in the three-band technique, a straightforward 
methodology to assess random-vibration fatigue of solder materials. It is acquired 
from the properties of the Gaussian distribution. Three-band technology is a proficient 
process used to examine the fatigue failure life of random vibration of solder joints 
studied in this chapter and has reliable accuracy. The main idea behind the three-band 
method is that when the electronic device is excited due to random vibration, the 
acceleration of load, displacement, and stress at a specific position is random 
processes corresponding to time and obeying the Gaussian distribution function (Wei, 
2014).  
It is understood that in a Gaussian distribution operation a 68.3% of the outcomes 
would be found in the ±𝜎 interval, 95.4% for ±2𝜎 and 99.73% in the case of ±3𝜎. 
The three-band-method disregards the values over those levels and believes that all 
the values would develop in prime factors of the standard deviation σ. This indicates 
that the 𝜎 values happen in the whole ± σ interval, that is, 68.3% (0.683) of the time. 
The 2𝜎 values represent the values between the ± 𝜎 and ±2𝜎 intervals, that is (95.4 – 
68.3)% = 27.1% (0.271) of the time. The same can be done with the 3𝜎  which 
represent the values between the ±2𝜎 and ±3𝜎 intervals, that is (99.73 – 95.4)% = 
4.33% (0.0433) of the time resulting in (Abreproy, 2020; Santecchia et al., 2016). 
 
When an electronic device is excited by random vibration, the stress magnitude 
calculation will produce the RMS value, which is considered the standard deviation σ 
of the distribution of the stress. According to the three-band technique application, 
Miner’s rule should be employed, considering the three different stress levels, which 
are 1 σ, 2 σ and 3 σ. The author will determine the accumulated cycles at each level 
using the prior probabilities to the total of stress cycles. That is, considering a total of 
n cycles, the different excitations considered for Miner’s rule will be: 
• 1 σ stress in 0.683 n cycles 
• 2 σ stress in 0.271 n cycles 
• 3 σ stress in 0.0433 n cycles 
When the electronic devices experience random vibration for T minutes, the 
cumulative fatigue cycles under the 1 σ, 2 σ and 3 σ strain level are given by: 
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𝐧𝟏𝛔 = 𝐍𝟎
+𝐓 (𝟔𝟎 𝐬𝐞𝐜 𝐦𝐢𝐧⁄ )(𝟎. 𝟔𝟖𝟑𝟏)                                                              Equation 7. 16 
𝐧𝟐𝛔 = 𝐍𝟎
+𝐓 (𝟔𝟎 𝐬𝐞𝐜 𝐦𝐢𝐧⁄ )(𝟎. 𝟐𝟕𝟏𝟎)                                                              Equation 7. 17 
𝐧𝟑𝛔 = 𝐍𝟎
+𝐓 (𝟔𝟎 𝐬𝐞𝐜 𝐦𝐢𝐧⁄ )(𝟎. 𝟎𝟒𝟑𝟑)                                                              Equation 7. 18 
Where N0
+ is the average number of times that the instantaneous acceleration passes 
through the zero axes on a positive slope per second. The average number of times 
















(𝐇𝐳)                                                                        Equation 7. 19 
where Pout is the PSD of the response. 
The cycles are given by the number of crossings with a positive slope, which is called 
the number of positive zero crossings N0
+, and is obtained dividing by Ω4  in both 
integrals. In the case of several resonant peaks, the equation can be analysed by 
discretising the response as the product of each peak's transmissibility and the input 



















(𝐇𝐳)                                                                                   Equation 7. 20 
where Pin,i is the input PSD during the resonance peak i, 𝑄𝑖  its transmissibility and 𝑓𝑖 
and Ω𝑖 the resonant frequency. 
7.3.3 Estimation of Fatigue Life of Solder Joints 
Miner’s rule is one of the most generally and probably the simplest utilised 
cumulative damage models for failures caused by fatigue. It states that if there are k 
different stress levels and the average number of cycles to failure at the ith stress, 𝑆𝑖, 
is 𝑛𝑖, then the damage fraction, D, is (Manson & Halford, 1981; Miner, 1945): 
𝑫 =  ∑
𝒏𝒊
𝑵𝒊
                                                                                                                 Equation 7. 21 
where 𝑛𝑖 is the number of cycles accumulated at stress 𝑆𝑖 and D is the fraction of life 
consumed by exposure to the cycles at the different stress levels. In general, when the 
damage fraction reaches 1, failure occurs. 
The most commonly accepted cumulative damage model for fatigue life prediction is 
based on the Palmer perception (Palmgren, 1924) of a linear accumulation. Miner 
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(1945) was the first researcher who formulated the mathematical form of this theory. 
The Palmgren-Miner rule, also identified as linear damage accumulation rule (LDR), 
affirmed that the value of the fatigue damage reaches the unity (Miner, 1945). When 
the cumulative damage caused by the applied load is equal to 1, the electronic device 
will undergo fatigue failure.  




] = 𝒄                                                                                               Equation 7. 22 
where 𝑛𝑖 is the number of cycles at stress level 𝜎𝑖 and 𝑁𝑖 is the number of cycles to 
failure at stress level 𝜎𝑖. The parameter 𝑐 has been determined by experiment; it is 
usually found in the range 0.7 < 𝑐 < 2.2 with an average value near unity. 
Using the deterministic formulation as a linear damage rule, we could write: 
𝑫 = ∑ [
𝒏𝒊
𝑵𝒊
]                                                                                               Equation 7. 23 
where 𝐷  is the accumulated damage. When 𝐷 = 𝑐 = 1,  failure ensues 
(EngineersEdge, 2020) 
According to the Miner's rule, substituting the allowable number of cycles and the 
cumulative number of fatigue cycles to calculate the cumulative damage factor, the 










                                                                                            Equation 7. 24 





                                                                                                                   Equation 7. 25 
7.4 Results and Discussions 
7.4.1 Modal Simulation Analysis 
Natural frequencies and mode shapes are essential parameters that characterise the 
dynamic responses of the BGA test vehicle during random vibration FE simulation. 
The modal simulation analysis can capture the model's vibration characteristics, 
provide a reference for the design and application of the load spectrum, and help 
estimate the solution control parameters in the random vibration simulation. The most 
meaningful influence on solder joints is the first six natural frequencies. High-order 
vibrations are sophisticated in shape and far away from the operating frequency, 
which will not cause the solder joints to resonate and will not have a significant 
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impact on their performance. Therefore, through FEA simulation, the first six natural 
frequencies of the model obtained are presented in Table 7.2. 
Table 7. 2: The Natural Frequency of the full model 








After the modal simulation, the modal parameters, such as natural frequencies and 
modal shapes, were obtained from the modal results and used for the random 
vibration simulation. The first six vibration modes of the model are presented in Fig. 
7.8. In the first vibration mode, the model shows a deformation along the Y-axis; in 
the second vibration mode, the model shows a fundamental vibration along the X-
axis; in the third vibration mode, the model shows four critical (deformation) 
vibrations along the edges of the solder joint in the X and Z-axis direction; in the 
fourth vibration mode, the model shows two vibrations modes along the Z-axis in the 
X-axis direction; in the fifth vibration mode, the model shows two vibrations around 
the Y-axis in the X and Z-axis direction; in six vibration mode, the model shows 
vibrations in the X-axis direction.  
As the frequency increases, the vibration mode is gradually complicated in the Z-
direction, resulting in the solder joint's force conditions in a complex and changeable 
actual service environment. As such, cracks and fatigue damage, even failures, will 
occur. Consequently, it is crucial to conduct random vibration simulation on the 
model to analyse the solder joint's mechanical response. The plot of frequency vs 
deformation of solder joints subjected to random vibration and a plot of frequency vs 
displacement of solder interconnections subjected to random vibration are presented 
in Figs. 7.9 and 7.10, respectively. The displacement results utilised in the ANSYS 
FEA simulation are computed from as presented in Table 7.3. 
The author performs the procedure used to determine the vibration characteristics of 
the structure before any dynamic analysis is undertaken: 
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1. Natural frequency: At what frequency will the design or structure tend to 
vibrate naturally. 
2. Mode shapes: At what shape the structure would tend to vibrate at each 
frequency. 
3. Mode participation factors: The amount of mass that participates in each 
direction for each mode. 
 
Figure 7. 8: The first six mode of full model 







(𝐦𝐦𝟐 𝐤𝐇𝐳⁄ ) 
1 293.8 287.08 280 
2 294.0 286.61 279 
3 338.5 465.13 639 
4 416.8 151.32 55 
5 430.7 184.75 79 




Figure 7. 9: Plot of Frequency vs Deformation of solder joint subjected to random vibration 
 
 
Figure 7. 10: Plot of Frequency vs Deformation of solder joint subjected to random vibration 
7.4.2 Random Vibration Results of Full FE Model 
The results obtained for the entire model are categorised under three heading, which 
is deformation, elastic strain and Von mises stress. 
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7.4.2.1 Study of Deformation on Solder Joint Alloys for Complete Finite Element 
Model (FEM) 
The results show that the BGA at the outermost solder balls was observed to have the 
highest deformation value along with the solder/PCB interface, as presented in Fig. 
7.11. The result shows that the author observed the maximum deformation at the 
bottom of the solder ball near the PCB interface. These areas need further 
strengthening. Several solder alloys are seen to fail at the PCB interface of the 
electronic packages, which was validated with the experimental studies carried out by 
Tao et al. (2014), Wong et al. (2017), Saravanan et al. (2018), Zhao et al. (2018) and 
Zhang et al. (2019). Since the solder joints are miniatured, measuring the FEA 
simulation result of this work to experimental output will be some of the future work 
proposed for this investigation. It is also evidential that the bottom of the PCB is 
where the maximum deformation occurs and are prone to fail first. Several 
experimental works have verified this area of damage and agree with the FEA 
simulation results obtained in this study. 
 
Figure 7. 11: Deformation result for lead-based eutectic Sn63Pb37 showing the top and bottom of 
solder joint bumps with areas prone to failure 
7.4.2.2 Study of Normal Elastic Strain on Complete Finite Element Model 
The elastic strain result from FEA simulation is presented in Fig. 7.12 for lead-based 
eutectic Sn63Pb37. The outcomes show that the maximum strain is observed at the 
solder joint's PCB/Cu pad interface. This area is susceptible to the loading process 
and fails at the PCB section of the solder joint. Under low-stress magnitude, it is 
shown that the strain rate decreases with an increasing elastic strain of a viscoplastic 
solder alloy. This affects the peak strength of the lead-based eutectic Sn63Pb37 as the 
strain rate increases, and thus, the solder joint is prone to failure at the PCB/Cu 
interface. This work agrees with the work carried out by (Long et al., 2020) who 
investigate the effect of high strain rate on the mechanical behaviour of solder alloys 
in the solder joints of electronic packaging structures. An intermediate strain rate 
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(0.001 to 10/s) was discovered on the SAC387 solder. Xu et al. (2008)  found out 
that the higher the strain rate is, the higher the elastic modulus and yield stress of the 
solder, the higher the temperature, the lower the elastic modulus and yield stress (Xu 
et al., 2008). Selvanayagam et al. (2007) established the dynamic behaviour of lead-
based eutectic Sn63Pb37 at medium strain rates (50 s⁄ to 300 s⁄ ) (Selvanayagam et 
al., 2007). 
 
Figure 7. 12: Elastic strain result for lead-based eutectic Sn63Pb37 showing the top and bottom 
of solder joint bumps 
7.4.2.3 Study of Equivalent (Von Mises) Stress on Complete Finite Element Model  
The author discovered the maximum stress magnitude response at the outermost 
corners between the solder and PCB components. The results agree well with other 
research (Lu et al., 2014; Shen et al., 2018; Tang et al., 2012). The outcomes show 
that when the BGA package structure is subjected to random vibration load, the solder 
array has a more significant stress magnitude than the other parts. The stress of the 
solder joint at the corner of the solder interconnection array is more than that of the 
other parts. The stress concentration in the centre position of the solder joint array is 
less than that of the other parts. Therefore, the solder joint at the corners of the BGA 
structure is more likely to fail than others, as shown in Fig. 7.13 why the mode orders 
and frequency are presented in Table 7.4. 
 
Figure 7. 13: Equivalent stress distributions on solder balls for lead-based eutectic Sn63Pb37 
showing the top and bottom of solder joint bumps 
Table 7. 4: Table of mode orders and frequency (Hz) 








7.4.3 Modal Simulation Result Analysis of Submodel Solder Joint Alloys 
The first six vibration mode for the sub-modelled solder joint is shown in Fig. 7.14. 
The submodel mesh has a node of 62,723 and 18,149 elements meshed in the hex-
dominant method. 
 
Figure 7. 14: first six vibration mode for the submodel solder joint 
The results obtained for the submodel shows that the von Mises stress is located at the 
soldering interface between the solder balls and copper (Cu) pad near the PCB. The 
distribution stress shows a good agreement with research carried out by investigators 
such as (Lu et al., 2014; Saravanan et al., 2018; Tang et al., 2012; Wong et al., 2007; 
Zhang et al., 2019). There are insufficient data to study the circumstances that cause 
crack occurrences on the solder ball. Still, research has shown that an improper 
manufacturing process in electronic packagings, such as the soldering process, is 
suspected to be one of the underlying reasons (Lambert, 2018). Fatigue (weakening of 
the solder material) has been considered the primary reason for crack initiation (crack 
formation), leading to progressive damage when solder joint alloys experience cyclic 
 226 
loading after repeated applications of stress. The repeated random vibration stresses 
and strain acting on the material also causes fatigue in the solder alloys. When such 
load is high enough under random vibration, it will lead to crack initiation, crack 
growths (slow, stable crack growth) and eventually a rapid fracture. The high-stress 
amplitude, including many cyclic loading in the solder joint alloy, is linked to the 
fatigue crack initiation under random vibration. 
7.4.3.1 Study of Directional Deformation on Solder Joint Alloys 
The results obtained for the deformation are presented in Figs. 7.15 and 7.16. The 
outcomes show that the lead-based eutectic Sn63Pb37 (0.00432 m) has the lowest 
deformation while SAC405 (0.00877 m) with the highest deformation. Our finding 
shows that the elastic modulus of SAC405 (44.6 GPa) and Sn63Pb37 (56 GPa) 
indicating that the higher the elastic modulus and mass density, the better the solder 
resistance to deformation when subjected to random vibration. Among the SAC 
solder alloys investigated, SAC396 (0.00576 m), SAC305 (0.00579 m), and SAC387 
(0.00611 mm) the lowest deformation when the electronic packages are subjected to 
random vibration. After random vibration, the deformation on the solder joints is 
observed to start on the solder joints' body and progress steadily to the top of the 
solder joint near the component part of the electronic device. The plot of deformation 
of the various solder joint alloys is presented in Fig. 7.16. 
 
Figure 7. 15: Schematic of the effect of deformation on lead-based eutectic Sn63Pb37, and lead-




Figure 7. 16: Plot of deformation for solder joint alloys 
7.4.3.2 Study of Von Mises Stress on Solder Joint Alloys 
The equivalent stress schematic illustration of the model under random vibration load 
is presented in Fig. 7.17. The model's stress distribution area is mainly concentrated 
on the solder joints, indicating that they are the solder's weakest part. The solder joints 
are observed to have the highest stress magnitude on the lead-free eutectic Sn63Pb37 
(34.62 MPa) and the lowest stress magnitude on the SAC396 (14.1 MPa) and 
SAC405 (17.92 MPa) solder alloys, respectively. The whole stress concentration 
areas are found near the bottom edge of the solder joint and PCB and are gradually 
decreased to the inside of the solder. This is because deformation under random 
vibration loads results in more significant stress. The solder joint at the bottom edge 
makes up areas of stress concentration that reflects the locations of solder joints that 
are easily damaged or prone to cracking during the random vibration process. Due to 
repeated extrusion and stretching of the PCB on the electronic components over a 
certain period, fatigue damage will occur first at the BGA solder joint location. The 
author observed that the BGA solder joint is seen to deform under random vibration 
loads and occurs at the body of the solder joint for lead-based eutectic Sn63Pb37 
(34.62 MPa), and lead-free SAC387 (28.95 MPa), SAC396 (14.10 MPa), SAC305 
(30.33MPa) and SAC405 (17.92 MPa), respectively where the highest stress in the 
electronic component is situated. The restraints between the different materials on the 
outer edge portion of the solder joints are smaller, which resulted in the deformation, 
therefore causing higher stress in the solders. The stress on SAC396 and SAC405 is 
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significantly smaller than the other solder joint alloys, as seen in the plot presented in 
Fig. 7.18. 
 
Figure 7. 17: Schematic of the Equivalent stress distributions on solder balls for lead-based 
eutectic Sn63Pb37, and lead-free SAC387, SAC396, SAC405 and SAC305 solder joint alloys 
 
Figure 7. 18: Plot of Von mises stress for solder joint alloys 
The equivalent stress of the BGA solder joint in the five solder alloys examined in 
this research presented in Fig. 7.19 showing that the stress concentration area is 
mainly concentrated on the BGA solder joints, which indicate that the solder joint is 
the weakest spot in the electronic package when subjected to dynamic random 
vibration. The solder joint model presented in Fig. 4.10 (Chapter 4) is understood to 
distort significantly on the electronic component's PCB areas with different 
deformation rates and displacement. The stress-strain relationship occurs due to the 
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tensile and compressive stress on the solder joint alloys' component side. The top and 
bottom of the stress on Fig. 7.19 shows regions of high stress on the lead-based 
eutectic Sn63Pb37, SAC305, SAC387, SAC396 and SAC405. The schematic for the 
lead-based eutectic Sn63Pb37, and l4ead-free SAC305, SAC387, SAC396 and 
SAC405 are presented in Figure 7.19. The result shows that four areas on the solder 
joints are subjected to maximum stress. The highest stress concentration distribution 
areas are located at the bottom edge of the solder joint and PCB. This stress 
concentration distribution area is lowest at the top edge of the BGA solder joint. 
These areas on the solder joint near the PCB are easily damaged during random 
vibration, which over time, resulting from continuous stretching and extrusion of the 
PCB reach its elastic limit, will result in fatigue failures to the solder alloys. 
 
Figure 7. 19: Schematic of  top and bottom of equivalent stress for lead-based eutectic Sn63Pb37, 
and lead-free SAC387, SAC396, SAC405 and SAC305 solder alloys 
7.4.3.3 Study of Elastic Strain on Solder Joint Alloys 
The effect of the elastic strain of random vibration of five solder alloys investigated in 
this chapter is presented in Fig 7.20. The schematics show that the maximum strain on 
the solder joints is located at the corner of the outermost solder joint on the PCB 
component side. The strain concentration is found between the solder ball and the 
copper (Cu) pad near the PCB. The strain distribution shows a good agreement with 
other research work, indicating consistency between the simulated and experimental 
results. The results corroborate that the FEA obtained in this simulation study is 
consistent. As a result of stress, the author observes that the elastic strain initially 
appears in the solder joints. From the results, as the elastic strain grows, it will 
gradually reach the limit and eventually form into the plastic strain. Fig. 7. 21 is a plot 
of elastic strain for solder joint alloys. 
 230 
Therefore, the equivalent stress magnitude and elastic strain distribution area are 
observed to be the same. The highest elastic strain obtained in the FEA simulation on 
lead-based eutectic Sn63Pb37 solder joint is 0.0022, with the lowest elastic strain on 
SAC405 (0.0011) and SAC396 (0.0014) solder alloys. The author observes a crack 
appear and slowly develop, ultimately causing solder joint failure. Further 
experimental results obtained by Wong et al. (2007) presented in Fig. 7.24 shows a 
cross-section image of a solder joint indicating cracks on the board and package 
interfaces along with their initiation locations and propagation directions. 
Furthermore, the results of the research conducted by Zhao et al. (2018) presented in 
Fig. 7.23 show that the solder joints crack interface includes the inner part of the 
solder joint, the solder joint itself and the IMC interface, and the inside of the IMC. 
The solder joint alloy cracked because of the immense stress magnitude resulting 
from continuous vibration stress and consequently failed in the electronic products. 
The electronic packages must therefore undergo ongoing random vibration analysis to 
improve its’ environmental adaptability. 
 
Similarly, a further study by Tao et al. (2014) presented in Fig. 7.25 (a) and (b) show 
a cross-section of principal and a minor failure solder joints why research by Zhang et 
al. (2019) presented in Fig. 7.25 (c), (d) and (e) shows the failure mode of solder 
joints. Also, research carried out by Saravanan et al. (2018) presented in Fig. 7.25 (f) 
shows the SEM image of the corner solder ball revealing crack formation. The areas 
are shown in the experimental outcome Fig. 7.23 corroborates well with the result of 
this study Fig. 7.20, indicating areas of cracks in the solder joint alloys. 
The equivalent strain distribution schematic is presented in Fig. 7.22, showing the 
strain distribution areas under dynamic random vibration load. When stress is applied 
to the BGA electronic package, the author will see the elastic strain on the BGA 
solder joints, predominantly near the PCB side. Once the elastic limit accumulates on 
the solder joint, it will reach its peak limit and is changed into the plastic strain. The 
schematic show that the stress and strain concentration areas are the same. The 
maximum strain on the solder joint is near the PCB side of the electronic package on 
SAC305 (0.00204) with the lowest elastic strain on SAC405 (0.00112) and SAC396 
(0.00141). The other solder joint alloys considered in this work has a strain value for 
lead-based eutectic Sn63Pb37 (0.00133) and SAC387 (0.00183), respectively. As the 
BGA solder joint reaches its highest elastic strain, a plastic strain is produced, which 
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will cause a crack to propagate and gradually extend, causing the solder joint to fail 
near the PCB side of the electronic package.  
 
Figure 7. 20: Schematics showing the effect of elastic strain on the lead-based eutectic Sn63Pb37, 
and lead-free SAC387, SAC396, SAC405 and SAC305 solder joint alloys 
 
Figure 7. 21: Plot of elastic strain for solder joint alloys 
There are five failure modes for the solder joints corresponding to the five areas seen 
from the FEA simulation results. Failure modes 1 and 2 for lead-based eutectic 
Sn63Pb37 at the top of the solder joint, failure mode 3 by the side of the solder joint 
and failure modes 4 and 5 at the bottom of the solder joint plays a vital role in the 
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failure analysis. The schematic shows that failure mode 5 is where the author saw the 
highest strain on the solder joint alloys considered in this investigation. Small cracks 
occur at failure mode 1 and 2, corresponding to the right and left areas at the top, 3 
corresponds to the left side of the solder joint, and 4 corresponds to the left side of the 
solder alloys. This show that aside from failure mode 5, areas labelled 1, 2, 3 and 4 
are apparent crack initiation areas causing solder joint failure under random vibration 
of the alloys. The researcher would require an in-depth study to substantiate these 
results through experimental analysis. These areas are where cracks can be readily 
produced and developed, leading to solder joint failure in the electronic components. 
Fig. 7.23 shows a representative section views of cracking by SEM, and Fig. 7.24 
presents cross-section images of a solder joint indicating cracks on the board and 
package interfaces along with their initiation locations and propagation directions. 
 








Figure 7. 23: Cross-section images of a solder joint indicating cracks on the board and package 
interfaces along with their initiation locations and propagation directions  (Wong et al., 2007) 
 

































Figure 7. 25: (a) Cross-section of major failure solder joints (b) Cross-section of minor failure 
solder joints [(a & b) –  (Tao et al., 2014)]; (c, d & e) Failure mode of solder joints (Zhang et al., 
2019)]; (f) SEM image of the corner solder ball showing crack formation (Saravanan et al., 
2018)] 
Content removed due to copyright reasons 
Content removed due to copyright reasons 
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7.4.4 Fatigue Life Estimation of Solder Joints Subjected to Random Vibration 
The fatigue life of solder joint alloy for the lead-based eutectic Sn63Pb37 and lead-
free SnAgCu (SAC305, SAC387, SAC396 and SAC405) are computed by 
determining the allowable and fatigue cycle count. These are then used to estimate the 
most prone critical solder joints' fatigue life before failure under random vibration. 
Accordingly, the results obtained for the allowable cycle count (N) is presented in 
Table 7.5, where the author employed the Coffin-Manson empirical equation to 
determine the acceptable number of cycles of the solder joints. The formulas are 
described in detail in section 7.3.1. For the cumulative fatigue cycle count calculation, 
the result is presented in Table 7.6 with the numerical equations in section 7.3.2. 
Table 7. 5: Computation of Allowable Cycle Count (Eq. 7.15) 
Solder Alloys 𝐍𝟏𝛔 𝐍𝟐𝛔 𝐍𝟑𝛔 
Eutectic Lead-based Sn63Pb37 5.42 × 1010 1.08 × 108 6.50 × 105 
Lead-free 
SAC305 5.43 × 108 1.09 × 107 6.52 × 106 
SAC405 1.63 × 1011 3.25 × 109 1.95 × 106 
SAC387 1.35 × 109 2.71 × 107 1.62 × 105 
SAC396 1.44 × 1010 2.88 × 108 1.73 × 106 
 
Table 7. 6: Cumulative Fatigue Cycle Count Computation (Eq. 7.16 – 7.20) 
Solder Alloys 𝒏𝟏𝛔 𝒏𝟐𝛔 𝒏𝟑𝛔 
Eutectic Lead-based Sn63Pb37 7769 3087 493 
Lead-free 
SAC305 17066 6780 1080 
SAC405 12852 5106 816 
SAC387 13450 5344 854 
SAC396 13144 5222 834 
7.4.4.1 Fatigue Life Estimate Calculation 
The cumulative damage factors are calculated according to equation 7.22 where 𝐷 =
n1σ N1σ + n2σ N2σ + n3σ N3σ⁄⁄⁄ . The fatigue life of the most critical solder joint 
prone to failure under random vibration, 𝑁𝑓 = 1 𝐷 (mins)⁄ . Statistical analysis of the 
displacement signal by random vibration test gives 𝑁0
+ = 417 for SAC305, 314 for 
SAC405, 329 for SAC387, 321 for SAC396 and 190 for lead-based eutectic 
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Sn63Pb37 solder alloys. The number of fatigue cycle accrued per minute at the solder 
joint alloys is calculated as:                          
Table 7. 7: Fatigue Life Estimation of Critical Solder Joints Prone to Failure under Random 
Vibration                                
Solder 
Alloys 






Sn63Pb37 7769 3087 493 5.42E+10 1.08E+08 6.50E+05 7.87E-04 1270 
SAC305 16224 5780 907 6.23E+09 3.12E+07 7.23E+05 1.44E-03 693 
SAC405 12852 5106 816 1.63E+11 3.25E+08 1.95E+06 4.34E-04 2307 
SAC387 13450 5344 854 1.35E+09 2.71E+07 1.62E+05 5.46E-03 183 
SAC396 13144 5222 834 1.44E+10 2.88E+08 1.73E+06 5.01E-04 1995 
 
With the results obtained and presented in Table 7.7, it is shown that SAC405 has 
2,307 mins of fatigue life, followed by SAC396 with 1,995 mins before the critical 
solder joint in the electronic devices is prone to failure. Lead-based eutectic 
Sn63Pb37 has 1,270 mins, followed by SAC305 with 693 mins and SAC387 with 183 
mins before the critical solder joint's failure. Figure 7.26 shows a fatigue life plot for 
lead-based eutectic Sn63Pb37 and lead-free SAC305, SAC387, SAC396 and 
SAC405. This show that two SAC solder alloys (SAC405 and SAC396), when 
subjected to random vibration testing (dynamic) in an electronic device (such as 
underhood of an automobile), take 2,307 and 1,995 mins, respectively, before a 
failure occurs. Based on the FEA simulation results together with the application of 
Coffin-Manson's empirical formula, investigators can predict the fatigue life of solder 
joint alloys to a higher degree of accuracy in actual service environment in 
combination with the FEA simulations and empirical formulas used, which could be 
applied in the evaluation and the prediction of the fatigue life of solder joint when 
subjected to random vibration.  
The result obtained agree with the experimental study carried out by (An et al., 2018; 
Chen et al., 2008; Cinar & Jang, 2014; Cui & Cheng, 2017; Hamasha et al., 2014; Li 
et al., 2019; Saranik et al., 2013; Wong & Yu, 2005; Wu et al., 1997; Xia et al., 2017, 
2019; Xu et al., 2016; Yu et al., 2011; Zhang et al., 2019). Similar analytical results 
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by Zhang et al. (2019) show that the researchers can predict the fatigue life estimation 
of SAC305 solder joint alloy with high accuracy (Zhang et al., 2019). Their 
experimental test result shows that the estimated fatigue life of the SAC solder joint is 
601 mins why the fatigue lifetime of the solder joint under FEA simulation in this 
work is 693 mins meaning that the fatigue's accuracy life prediction is average 
~86.2%.  
With the FEA simulation results obtained in this research, the fatigue life accuracy for 
the solder alloys is 86.7%. The author similarly compared this research with the study 
from (Yu et al., 2011), whose fatigue life accuracy is 99.3% for SAC305 and 
presented in Fig. 7.27. The average for fatigue life accuracy is ~93%. The author 
successfully corroborated the FE model simulation tests from this study with the 
fatigue life prediction outcomes from the investigation by Yu et al. (2011) and Zhang 
et al. (2019). 
 




Figure 7. 27: Comparisons of plots of fatigue lives of solder joint alloys from peer-reviewed 
literature 
7.5 Summary  
The FEA vibration simulation test outcomes showed that different solder joint alloys 
(lead-based and lead-free) have a comparable performance during random vibration 
testing. The stress and strain of five BGA solder joint alloys were investigated 
through FEA analysis when subjected to random vibration load. The author found that 
mechanical vibration is one of the leading causes of cracks in solder joints. Through 
FEA simulation analysis, the following conclusions have been accomplished: 
• The results show that the BGA solder joint's failure mechanisms vary as the 
displacement PSD amplitude increases. Solder joint failure locations are 
changed from the solder bump body of the BGA side to the package side's 
solder ball neck. The FEA results for the BGA solder joint obtained in this 
chapter shows that the highest deformation is observed on SAC305 (0.000877) 
and SAC387 (0.000611) solder alloys. The minimum deformation is seen on 
the lead-based eutectic Sn63Pb37 (0.000432) with SAC396 and SAC405 
solder joints producing the lowest deformation of 0.000576 and 0.000579, 
respectively. This shows that under random vibration, SAC396 and SAC405 
show minimum inelastic deformation (plastic deformation) than the rest of the 
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solder joint alloys studied, such as the lead-based eutectic Sn63Pb37 and lead-
free SAC305 and SAC387, respectively. This will result in a slip process 
within the solder joint microstructure. 
• It is observed that the highest stress magnitude on the lead-based eutectic 
Sn63Pb37 solder joint is 34.6 MPa, and SAC305 is 30.4 MPa, respectively 
why the maximum strain was noticed on the SAC305 (0.00204) and SAC387 
(0.00183) solder joints, respectively. The author also identified the lowest 
stress magnitude on the BGA solder joints on SAC405 (27.9 MPa) and 
SAC387 (29.0 MPa), followed by SAC396 (30.2 MPa). These results show 
that the highest stress magnitude is observed at the bottom of the solder 
bumps. Simultaneously, the maximum strain is seen at the solder joint alloys 
body except on the SAC405, which the author noticed to be at the top corner 
of the BGA component side.  
• Under random vibration analysis, the maximum stress magnitude and strain of 
the solder joints revealed a trend of decline from SAC405, SAC396, SAC397, 
lead-based eutectic Sn63Pb37 and SAC305 based on different materials 
properties employed in the FEA simulation. Studies by Hua et al. (2016) show 
that reducing the solder joint height and diameter of the pad will effectively 
reduce the maximum stress magnitude and strain of the solder joint alloy 
hence improving the solder joint reliability. 
• The fatigue life result shows that SAC405 and SAC396 have the highest 
fatigue life before being prone to failure. As a result of the FEA simulation 
outcomes with the application of Coffin-Manson's empirical formula, the 
author predicts the fatigue life of solder joint alloys to a higher degree of 
accuracy of 86.72% in an actual service environment such as the one 
experienced under the hood of an automobile. Therefore, it is concluded that 
the combination of FEA simulations and empirical formulas employed in this 
study could be used in the calculation and prediction of the fatigue life of 
solder joint alloys when subjected to random vibration in an actual service 
environment. 
• Based on the FEA simulation results obtained in this study for random 
vibration studies, SAC405 and SAC396 have been observed to have the 
lowest stress magnitude and strain and thus the highest fatigue life. They, 
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therefore, will improve the reliability of the solder joint and replace the 
eutectic Sn63Pb37 solder joints.  
• The effect of random vibration on solder alloys studied in this section is also 
in agreement with the experimental outcomes carried out by researchers 
obtained from peer-reviewed literature such as Lu et al. (2014), Tao et al. 
(2014), Zhang et al. (2019), Saravanan et al. (2018), and Wong et al. (2007). 
SAC405 and SAC396 are, therefore, good lead-free solders when subjected to 
random vibration in combination with their mechanical properties as a suitable 























SUMMARY, CONCLUSIONS AND 
RECOMMENDATION FOR FUTURE WORK 
 
8.1 Introduction 
This chapter summarises the results of the work reported in this thesis on the thermo-
mechanical reliability studies of lead-free and lead-based solder balls. From the 
outcomes obtained, the author reached several conclusions, and recommendations for 
future work are made due to the research output. The study on the thermo-mechanical 
reliability of lead-free solder interconnect had four main objectives as follows: 
1. To critically evaluate the state-of-the-art reliability of lead-free solder 
interconnects under thermal and mechanical loading conditions. 
2. To investigate creep behaviours of ball grid array (BGA) solder joints 
subjected to accelerated thermal cycling and isothermal ageing using FEA 
simulation. 
3. Evaluate fatigue behaviours and fatigue life of ball grid array (BGA) solder 
joints under thermal cycling (ATC) using FEA simulation. 
4. To investigate random vibration behaviours of ball grid array (BGA) solder 
joints through FEA simulation studies. 
8.2 Summary 
This section summarises the results and findings from this research work. It is made 
up of three sub-sections, namely: an investigation of the creep behaviours of ball grid 
array (BGA) solder joints subjected to accelerated thermal cycling and isothermal 
ageing using FEA simulation, research of fatigue behaviours of BGA solder joints 
under thermal cycling using FEA simulation and the investigation of the effect of 
random vibration of ball grid array (BGA) solder joints through FEA simulation 
studies. 
8.2.1 Investigation of the Creep Behaviours of Ball Grid Array (BGA) Solder 
Joints Subjected to Accelerated Thermal Cycling and Isothermal Ageing using 
FEA Simulation 
In this study, the author investigated the effects of thermal ageing and temperature 
cycling on behaviours of lead-based eutectic Sn63Pb37 and four lead-free SnAgCu 
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solder alloys: SAC305, SAC387, SAC396 and SAC405. The author carried out the 
numerical analysis for both a complete model of the test vehicle and an asymmetrical 
sub-model. The simulation outcomes are analysed for equivalent total strain, strain 
energy density, deformation and equivalent (Von-Mises) stress. The simulation results 
showed that the top and bottom sides of the solder joints and periphery of BGA are 
critical locations in failure initiation. Considering the lowest magnitudes of stress, 
strain, deformation, and strain energy density, SAC405 and SAC396 are the most 
effective solders under thermal cycling and isothermal ageing. 
8.2.2 Fatigue behaviours of ball grid array (BGA) solder joints under accelerated 
thermal cycling (ATC) 
While the fatigue behaviours (including fatigue life predictions) of lead-free solder 
joints have been extensively researched in the last 15 years, these are not adequately 
compared and benchmarked for different lead-free solders that are being used. As 
more and more fatigue properties of lead-free solders are becoming available, it is 
also critical to know how fatigue behaviours differ under different mathematical 
models. Creep-induced fatigue and fatigue life of lead-based eutectic Sn63Pb37 and 
four lead-free SnAgCu solder alloys: SAC305, SAC387, SAC396 and SAC405, are 
analysed through simulation studies. The Anand model simulates the inelastic 
deformation behaviour of the solder joints under accelerated thermal cycling (ATC). 
It unifies the creep and rate-independent plastic behaviour, and it is used to predict the 
complex stress-strain relationship of solders under different temperatures and strain 
rates, which are required in the prediction of fatigue life using the fatigue life models 
such as Engelmaier, Coffin-Mason, Solomon and Syed as the basis of comparison. 
The ATC was carried out using temperature range from −40℃ to 150℃. The fatigue 
damage propagation is determined with FEA simulation, which allows virtual 
prototyping in the design process of electronics devices. The author carried out 
simulation on a BGA (36 balls, 6 × 6 matrix) mounted onto Cu padded substrate. 
Results are analysed for plastic strain, shear strain, plastic shear strain, equivalent 
(Von mises) stress, creep energy density, strain energy density, and stress-strain 
hysteresis loop. For this investigation, the failure criterion is based on maximum 
strain values from FEA simulation results. 
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8.2.3 Random vibration behaviours of ball grid array (BGA) solder joints 
through FEA simulation studies 
High-cycle fatigue failure of solder joints, especially lead-free, has not been 
sufficiently addressed, particularly under random vibration loading. The random 
vibration FEA simulation test outcomes obtained in this work show that different 
solder alloy materials have a comparable performance during random vibration 
testing. Through FEA simulation, the deformation, equivalent stress, and elastic strain 
of five solder joint alloys (lead-based eutectic Sn63Pb37 and four lead-free SnAgCu 
solder alloys: SAC305, SAC387, SAC396 and SAC405) were investigated when 
subjected to random vibration load. The author found that mechanical vibration is one 
of the leading causes of cracks in solder joints. The author concludes that the random 
vibrations measured for an automobile's under-hood on a rough road to be a single or 
dual configuration. The fatigue failure of the solder materials ensures the safety and 
stability of the solder interconnect. Through ANSYS FEA software, the random 
response of the BGA solder joint on PCB and the position of the maximum strain, 
stress magnitude and deformation were obtained and provided a reference for BGA 
solder joint structural applications in electronics engineering practice. Among the 
solders investigated, SAC405 and SAC396 showed fewer possible crack initiation and 
stress-intensity areas than the lead-based eutectic Sn63Pb37 and lead-free SAC387 
and SAC305 solder alloy materials, respectively. The fatigue life obtained from the 
FEA simulation results also shows that SAC405 (2,307 mins) and SAC396 (1,995 
mins) has the highest fatigue life before the electronic devices are prone to failure. 
This is followed by SAC305 (693 mins), lead-based eutectic Sn63Pb37 (1,270 mins) 
and SAC387 (183 mins), with the lowest fatigue life before the critical solder joint in 
an electronic component are prone to failure. The result also shows that the methods 
deal with fatigue damage during the crack initiation stage, which is usually more 
challenging to define and are classed as empirical. The combination of FEA 
simulations and empirical formulas applied in this study could be used in the 
computation and prediction of solder joint alloys' fatigue life when subjected to 
random vibration investigation. 
8.3 Conclusions 
The author can make the following conclusions from the results of the work presented 
in this thesis: 
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1. Based on the simulation results,  the author found that the lead-free SAC405 
and SAC396 solders possess the least stress magnitude, strain rate, 
deformation rate and strain energy density damage than the lead-based 
eutectic Sn63Pb37 solder under creep loading conditions. The analysis 
technique presented here also offers an effective way to measure and compare 
solder alloy materials based on stress magnitude and induced strain from 
different thermal loading conditions. This will help electronic manufacturing 
engineers and the industry reduce the risks of severe damages to electronic 
packages, thereby preventing failure that be will costly to the industry and 
life.  
2. With BGA solder joint alloys embedded with Cu6Sn5 IMC, the author found 
out that as the IMC thickness increases from 5mm to 8mm and with an 
increase in the isothermal ageing temperatures, degradation is noticed on the 
solder bumps, which is stable at a thickness of 5mm and 8mm at an ageing 
temperature of 25℃ to 75℃, respectively. The author uses the model results 
to test the ability of solder joint alloys, especially SAC405 with the lowest 
stress magnitude, strain and deformation, to withstand elevated temperatures 
for an extended time by using the FEA simulation in an actual service 
environment to prevent creep induced fatigue failures due to thermal ageing. 
3. The author developed a set of empirical equations for isothermal ageing on 
solder joint alloys that will be useful for researchers, the electronic 
manufacturing industry and engineers who could use them to predict the stress 
magnitude, deformation, strain, and strain energy density of untried 
temperature for the different solder alloys investigated in this study. Some of 
the critical empirical mathematical relationships are listed below: 
Solder Alloys Empirical Formula 
Sn63Pb37 𝐸𝑑 = 9 × 10
−5T2 + 0.0064T − 0.4012 
SAC305 σ = 3.152T − 68.167 
SAC387 
ε = 9 × 10−5T − 0.0018 
𝐸𝑑 = 0.0003T




2 + 0.0073T − 0.4515 
ε = 4 × 10−5T − 0.0009 
σ = 1.8684T − 40.1 
SAC405 
ε = 3 × 10−5T − 0.0008 
𝐸𝑑 = 0.0001T
2 + 0.0073T − 0.4515 
σ = 1.543T − 34.983 
 
ε = Equivalent Strain, σ = Equivalent Stress, T = Untried Temperature and  
𝐸𝑑 = Strain Energy Density 
4. In line with other researchers' findings, the study also confirmed that the 
distribution of stress intensity and maximum deformation in the BGA solder 
bump is at the top and bottom of the bumped joints in almost all cases 
examined. Additional discoveries reveal that the solder bump joints at the 
periphery of the BGA will accumulate more damage than other areas. 
5. The analysis of hysteresis loops from thermal cycling simulations indicates 
that lead-free SAC405 has the lowest dissipated energy per cycle, followed by 
lead-based eutectic Sn63Pb37 solder alloy. The solder with the highest 
dissipated energy per cycle was lead-free SAC305, SAC387 and SAC396, 
respectively. The hysteresis loop yielded helpful information on fatigue level 
over different load cycles, which is a crucial tool used by engineers and 
electronics manufacturing industries.  
6. This research proved that lead-based eutectic Sn63Pb37 solder's fatigue 
behaviours are comparable to those of lead-free SnAgCu solders. Among the 
four SAC solder alloys, SAC387 consistently produced higher plastic strain, 
strain energy density and stress magnitude than other SAC solder joint alloys. 
While fatigue life predictions from Engelmaier, Coffin-Manson, Solomon and 
Syed models were varied, in all instances, the author predicted lead-free solder 
joint alloys with higher fatigue life compared to the lead-based eutectic solder 
alloy. Additionally, the result obtained indicates that the expected fatigue life 
of solders decreases with increasing reference temperature, which resulted in 
the valuable fatigue life of solder joints. 
7. The plastic strain, shear strain and plastic shear strain drive damage of BGA 
solder joints. However, the mechanism in which they derive the failure differs. 
As moderate shear strain - mostly plastic shear strain – is desirable to keep the 
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joints' stress at a minimum, the SAC405 will experience the least damage by 
this mode of failure than the other solders considered. The joints of SAC387 
will fail by excessive plastic deformation leading to crack initiation and 
propagation across the solder bump joints. Conversely, the SAC396 and 
Sn63Pb37 will fail by stress-induced cracking. The highest silver and lowest 
copper contents accounted for this excellent SAC405 strain response. It 
explains why it has the smallest area under the plastic strain curve and the 
least degradation rate at 0.000734/cycle. 
8. SAC405 joints have the highest predicted TFL of circa 11.6 years, while 
SAC387 joints have the least life of circa 1.5 years. The predicted lives are 
inversely proportional to the magnitude of the areas of stress-strain hysteresis 
loops of the solder joints. The prediction models are significantly consistent in 
predicted magnitudes across the solder joints irrespective of the damage 
parameters used. The research recognises a significant variation in the 
predicted values among the models, which justifies that several failure modes 
drive solder joints, damage mechanics. 
9. It is established that shear strain range, fatigue ductility, plastic shear strain, 
equivalent plastic shear strain, accumulated creep energy density and creep 
energy density for failure are damage parameters used to determine the 
thermal fatigue lives of solder joints in electronic assemblies. 
10. Under random vibration analysis, the BGA solder joints' FEA showed that the 
highest deformation was detected on SAC305 and SAC387 solders, 
respectively, with the lowest deformation found in the lead-based eutectic 
Sn63Pb37 (0.000432) solder alloy. Amongst the lead-free solders, SAC405 
and SAC396 have been observed to have the most insufficient stress 
magnitude, strain and highest fatigue life under random vibration. 
11. The high-cycle fatigue life of the solder alloys obtained from random vibration 
simulation outcomes further determines that SAC405 and SAC396 solder have 
the highest fatigue life amongst the solders investigated. The combined FEA 
simulations and empirical formulas employed in this analysis could be applied 
in the computation and prediction of solder joint alloys' fatigue life when 
subjected to random vibration (dynamic) analysis. The result further proves 
that FEA could reasonably predict the fatigue crack initiation and crack 
growth life of an electronic component using the proper specification of 
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loading variation applied in this work for a complex electronic device to 
develop the computational efficiency and accuracy of reliability-based fatigue. 
8.4 Recommendations for Future Work 
The thermo-mechanical reliability studies of lead-free solder interconnects have been 
reported in this thesis. Based on the results and findings from research reported in this 
thesis, the following are recommended for future work: 
1. The experimental determination of the effect of thermal cycling and 
isothermal ageing with the five solder joint alloys considered in this work will 
have to be carried out at various temperature applied in this research. 
Although few experimental results corroborate the FEA simulation results, 
these are limited to a few of the solder joints studied in this analysis. Future 
work should focus on these experiments for the different solder joints, such as 
the lead-based eutectic Sn63Pb37 and lead-free SAC305, SAC387, SAC396 
and SAC405, to validate the results thoroughly. These individual experiments 
will confirm most of the outcomes that the author established in this work.  
2. Based on the fatigue lives obtained for various solder alloys, it would be 
necessary to evaluate the soldiers' fatigue lives under ambient temperature and 
mean fatigue life (years). Researchers could use this to describe fatigue life's 
relationship and corresponding ambient temperatures on the solder joint 
alloys. The empirical function obtained could provide a projection of the mean 
fatigue life with a correlation coefficient, which will be a handy relationship 
that the electronic manufacturers could quickly apply to predict BGA solder 
alloys' lifespan when operating under severe environmental temperatures. 
3. Following a random vibration analysis study, an investigator may desire to dip 
further into post-processing processes. The subsequent rational measure is to 
calculate the fatigue damage values of high-stress areas. The information 
collected from the fatigue calculations will give the electronics manufacturing 
engineers a more reliable conclusion of a section in the BGA solder joint on 
PCB that is at risk of failure and to what extent.  
4. As a result of the miniaturisation of the solder joint alloys when subjected to 
random vibration, experimental random vibration investigations are carried 
out on solder joint alloys (lead-free eutectic Sn63Pb37 and lead-free SAC305, 
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SAC387, SAC396, SAC405) to validate the FEA simulation results obtained 
in this study.  
5. The author also recommends the fatigue life estimation of the solder alloys 
considered in this research to compare fatigue life accuracy experimentally. 
The future work should also consider the effect of temperature on the fatigue 
life of the solder joints to be validated by correlating with the natural 
frequencies, mode shapes and the transmissibility function from the 
investigational and experimental vibration tests. 
6. The researcher should also investigate the effect of temperature on solder joint 
alloys’ fatigue life as limited researchers have looked into this research area. 
This will show the combined influence of temperature and vibration effect on 
BGA solder joint when subjected to random vibration in harsh or severe 
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